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ABSTRACT

PREPARATION AND CHARACTERIZATION OF DERIVATIZED
MICROPARTICLES IMMOBILIZED IN HYDROGEL MEMBRANES FOR OPTICAL
CHEMICAL SENSING BASED ON POLYMER SWELLING

By

Eric William Miele
University o f New Hampshire, May 1999

Hydrogel membranes containing aminated microparticles have been investigated
for reflectance based optical sensing. The membranes were evaluated by UV/Vis
spectrophotometry, for potential use in a remote distributive fiber optic chem ical sensor.
This work describes efforts for improving the signal and decreasing the overall response
time o f the membranes. The microparticles were prepared by dispersion and seeded
emulsion polymerization techniques. The microparticles were derivatized to introduce
pH sensitivity. The hydrogel membranes containing swellable microparticles are turbid.
Scattering occurs at the microparticle-hydrogel interface and is based on refractive index
changes accompanying polymer swelling. The particles swell in response to hydrogen
ion concentration, causing them to reflect less light. Therefore, the membrane reflects
light as a function o f pH.
There are many factors that control poly(VBC) particle size and distribution using
dispersion polymerization. The factors that influence particle size were investigated
xv
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using a factorial design experiment and systematic studies. The results indicate that
increasing the solvency o f the continuous phase, initiator concentration, monomer
concentration, temperature and decreasing the stabilizer concentration lead to larger
particle diameters. Any factor or combination o f factors that enhances the solubility of
the growing polymer, generally leads to increased particle diameters.
Poly(vinyl alcohol), PVA, membranes containing aminated polyfvinylbenzyl
chloride-co-trichlorophenyl acrylate) microparticles were prepared and characterized.
The incorporation o f trichlorophenyl acrylate, TCP A, in the microparticle formulation
increases the hydrophilicity and increases the microporosity of the microparticles. As a
result, the rate o f diffusion is enhanced, producing membranes with faster response times,
compared to aminated poly(VBC). Incorporating TCP A in the formulation significantly
decreased the response time, but the magnitude o f signal was only slightly increased.
Using a seeded emulsion polymerization technique, porous 1.2 fim poly(VBC)
microparticles were prepared. The particles were derivatized with diethanolamine and
embedded in a PVA hydrogel and characterized. The response time o f these membranes
were faster than the membranes containing poly(VBC-co-TCPA). The signal change was
also much larger, approximately 10 times greater. The membrane turbidity increased
with increasing thickness and microparticle concentration. A decrease in signal occurred
for highly crosslinked microparticles and for high ionic strength solutions.

xvi
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CHAPTER 1

INTRODUCTION

1.1. Chemical Sensors
A chemical sensor is a device which provides an experimental response that is
related to the quantity o f a chemical species.1-2 The sensor may be constructed to monitor
a specific analyte present in a variety of sample matrices, including solids, liquids, and
gases.1 Ideally, the sensor operates directly in the sample matrix, and is capable of
monitoring the sample continuously and reversibly in real time .3-4
In general, chemical sensors are composed o f a chemically sensitive phase and a
transduction element2 Although there are a variety o f chemically sensitive elements,
they must have the ability to interact with a chemical species with some degree of
selectivity. Selectivity can be simply defined as the sensors’ ability to respond to one
particular analyte of interest in the presence of other analytes.2 The sensing elements are
constructed to provide a selective measurement for an analyte and can be based upon its
chemical reactivity, electrical, mass, or optical properties .1 Often, selective binding or
complexation reactions are the basis of chemical recognition. The magnitude of the
signal is determined by the extent to which the analyte interacts with the chemical sensing
element.3 The transduction element detects the interaction between the analyte of interest

1
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and the sensing element Typically, it converts current potential, or light intensity into an
electrical signal. The electrical signal is proportional to the concentration o f the analyte
in the sample being measured.
There has been extensive research on the development o f chem ical sensors in
the past decade .5’6 Janata states that over 2000 papers have been published on th is subject
over the last 4 years, an increase o f 49% from the previous four years.5 This extensive
research can be attributed to the distinctive features o f these devices. Typically, the sensor
is immersed in a sample matrix and the chemical inform atio n is displayed within a few
seconds. The ideal sensor is one that is highly selective, sensitive, robust, and can
analyze nondestructively, rendering accurate information in a short time. One o f the most
attractive characteristics o f sensors are their ability to qu a n tita te chemicals with m inim al
sample preparation. Conventional methods require sampling as well as sample
preparation which may include: preservation, extraction, concentration, or dilution o f the
sample. All o f these factors are potential sources of error and increase the analysis cost
and time. Additionally, some sensors have the ability to make in situ measurements or
remote measurements. Therefore, considerable effort has been devoted to the fabrication
o f various types o f chemical sensors, for a variety o f applications.

1.2 Sensor Classification
There are four major subclasses o f chemical sensors: thermal, mass,
electrochemical, and optical; they are based upon the measurement of heat, mass,
electronic, and optical quantities, respectively.

2
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1.2.1 Thermal sensors
Thermal sensors use heat generated from a specific chemical reaction to acquire
information. The general approach is to apply a sensing layer to a temperature probe and
measure the heat evolved or consumed by the reaction.2 Thermal sensors have been
typically the smallest subclass o f sensors. Only about 60 papers have been published over
the past four years. Recently, new ideas and applications for the thermal sensing o f gases
has been noted. Pollak-Diener report a solid state microsensor that has some selectivity
for gases7. Detection of gases and organic vapors via the photopyroelectric effect has
been reported.8

1.2.2 Mass sensors
Mass sensors typically use a piezoelectric crystal, for example a-Quartz, to detect
a change in mass. When a pressure is applied to the crystal it creates an electric voltage
between the surfaces of the crystal. The sensor operates by applying a voltage to the
crystal which causes it to propagate a wave across the crystal at a certain frequency. A
chemical sensing layer which interacts with the analyte o f interest is applied to the top o f
the crystal. The interaction between the sensing layer and the chemical causes an increase
in mass on the crystal. The addition o f mass to the crystal changes the frequency of the
propagating wave which can be easily measured. The advantages o f these types of
sensors are their simplicity of construction, light weight, and the low power requirement2
The majority o f recent work has focused on the selective layers for these devices. Films
containing modified calixarenes9 and cyclodextrins 10 have been employed in the sensing

3
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o f organic compounds. Chemical selectivity with respect to chirality11 has also been
investigated.

1.2.3 Electrochemical sensors
Electrochemical sensors are the oldest and largest subclass of chemical sensors.
They are classified as potentiometric, amperometric, and conductimetric depending on the
kind o f analytical measurement. The pH electrode is the most common example o f an
electrochemical sensor. There are numerous electrochemical sensor designs for a variety
o f analytes. They employ a variety of sensing strategies, including the use of enzymes,
host molecules, and ionophores to increase the selectivity o f the sensor. This subclass of
sensors is the most mature in the sense of commercial availability. Electrochemical
sensors are the subject o f more than half o f all the sensor publications in the past 4 years.6

1.2.4 Optical Sensors
Fiber optic chemical sensors, FOCS, are based upon the interaction of
electromagnetic radiation with matter and are the last subclass of sensors that will be
discussed. This sensor has essentially three major components: light source, optical fiber,
and a photodetector. These sensors have a variety o f sensing schemes, arrangements,
sizes, and applications. FOCS have grown rapidly in the past decade due to advances in
optoelectrical components available from the telecommunications industry.12' 14 For
example, the fiber optic communications industry has produced fibers with lower
attenuation that can transmit signals to remote regions.1314 Besides the advent o f high
quality fibers, the growth o f the semiconductor industry has resulted in the availability of
4
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relatively inexpensive laser diodes and LED’s. Photodetectors, that are highly selective
and relatively inexpensive are available as well. For example, laser diodes that cost
$3000 in 1979 with lifetimes o f hours now sell for a few dollars. Their lifetimes have
increased to tens of thousands of hours. They are widely used in laser printers, compact
disc players, pointers and bar code readers. 14 In 1979, single mode fiber cost S20/meter,
now it costs approximately $0 . 10/meter with vastly improved optical and mechanical
properties. 14 As a result o f this trend of increasing quality for decreasing cost, 14 there has
been a steady increase in interest o f FOCS, due to the potential use o f these devices in a
variety o f applications: environmental, biomedical, process control and other areas.4
The first detailed description of the construction and performance o f a pH fiber
optic sensor was from Peterson et al. in 1980.15 The device was prepared from plastic
fibers that utilized polyacrylamide beads that had been dyed with the pH indicator, phenol
red. The sensor was based upon the absorbance o f the reflected light The sensor was
successfully applied to the measurement of blood pH in the range of 7.0 to 7.5. The first
chemiluminescence based sensor was developed and fully described by Seitz.16 It
employed the chemiluminescence by the reaction o f luminol with horseradish peroxidase.
A fluorescence based pH sensor was constructed by Saari. 17 Fluoresceinamine was
immobilized on cellulose and coupled to a fiber bundle. More recent trends have led to
the simultaneous monitoring o f multi-analytes and minaturization of fiber optic probes.
Walt has produced an imaging fiber that monitors pH, CO 2 and O2 simultaneously. 18 The
sensing elements are constructed by covalently attaching fluorescent indicators within the
polymer matrices that produce analyte-sensitive polymers at the distal end o f the fibers.
The sensor monitored pH, CO 2 and O2 changes during beer fermentation. Kopelman has
5
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prepared a micrometer sized fiber optic fluorescence glucose sensor.19 The tip o f 100pm
fiber is pulled to a tip size o f 1pm. It is based upon the enzymatic reaction of glucose
oxidase which catalyzes the oxidation o f glucose to gluconic acid. The vitality o f FOCS
can be seen by the growth in publications. In the past fours years, over 350 papers on this
subject have been published, an increase o f 16% from the previous four years.5

1.2.4.1, Basic Fiber-Optic Sensing Designs
FOCS can be divided into two subgroups, referred to as intrinsic or extrinsic
sensors. Figure 1.1 shows the fundamental FOCS designs. For an extrinsic sensor, the
fiber acts as the light carrier to guide the resulting optical signal to the detector. The
transduction o f chemical information usually takes place outside o f the fiber. Ordinarily,
a chemical recognition element is attached to the tip o f the fiber, and fluorescence or
absorbance measurement is monitored.
Intrinsic sensors use the fiber itself as the chemically sensitive component. These
sensors use specially developed fibers in which the core, cladding or jacket materials are
used as the transduction element Essentially, a physical property o f the analyte can be
measured directly through the fiber with or without a specific chemical sensing element
An example o f this type of sensor is the evanescent wave sensor. The type of sensor that
is explored in this dissertation is o f the extrinsic type, so discussion o f these intrinsic
types will be limited.

6
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Figure 1.1 The two primary FOCS designs, (a) Intrinsic (b) Extrinsic
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There have been a wide variety of FOCS designs in these last few years. Most of
them have the sensing layer attached at the distal end o f the fibers. The chemical sensing
layer can be immobilized on either a single fiber or on a bundle. They may also be
attached to the side o f the fiber as in the evanescent wave type. Our most recent research
has focused on the attachment o f the chemical sensing layer to the distal end o f a single
fiber.
The most common FOCS design utilizes an immobilized reagent attached at the
distal end o f a single fiber or fiber bundle.3 Typically, the analyte of interest reacts with
the dye and absorbance, luminescence, reflectance or some other optical property is
monitored. The most common and simplest type o f ion selective FOCS is a pH sensor
that utilizes a fluorescent pH sensitive dye, fluorescein, which is immobilized to the distal
end o f the fiber. The pH measurement is based upon the luminescence properties o f the
dye, which will fluoresce in the deprotonated form, but not in the conjugate acid form.
The intensity of the fluorescence signal is directly proportional to the amount o f
deprotonated fluorescein, that is related to pH through its acid dissociation constant. The
dynamic range o f the sensor is approximately ± 1 pK*, therefore, producing a very narrow
dynamic range compared to an electrochemical sensor. This narrow range is an inherent
disadvantage to pH sensing using FOCS. Another drawback with this strategy is that the
immobilized indicator is usually unstable. Over a period o f time, the dye may
photobleach or leach from its substrate. This affects the reproducibility o f the
measurement and limits the sensor lifetime, a serious disadvantage o f this sensing
strategy. The proper choice o f a sensor, for a given application, is essential for producing
8
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an accurate analysis. The best sensor is one that will maximize the most important
performance characteristic and minimize the least important. There is always a tradeoff
among these characteristics: selectivity, response time, ruggedness, lifetime, and
sensitivity.
There are many advantages to using optical waveguides as the signal carrier for
these devices. Unlike potentiometric sensors, optical sensors do not require the use o f a
reference signal. Remote applications are possible because they can transmit signals over
long distances with minimal attenuation of the signal. There are no electrical interferences
by static electricity or by magnetic fields. There are many applications for remote sensors
including monitoring hazardous waste sites, ultraclean rooms, harsh environments,
radioactive sites and hard to reach sites, (e.g. underground water areas).4 Optical fibers
can transmit more information at the same time compared with to an electrical lead. The
signal can differ by its wavelength, phase, time, and intensity. Due to FOCS’ small size,
they can be used for either small volume samples or even in vivo for applications. Also,
many fibers may be coupled, so simultaneous monitoring o f multiple analytes may be
realized.
All fiber optic sensors consist o f a few major components: light sources: optical
systems; and photodetectors. Depending on the application, the design of the instrument
will vary, as well as the type and quality o f the major components. For example, a sensor
that will be used for remote measurements in hostile environments will differ greatly
from one that will be used in a biomedical application. The sensor for the remote
measurement must maximize its raggedness performance characteristic and will probably
be larger in size than a biomedical sensor, which will be more compact and must be
9
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biocompatible. These differences will lead to instruments that w ill have various
geometries, as well as components that are specific for each application.

1.2.4.2 O pticalfib ers and Theory
Optical fibers are made of transparent materials that are flexible, small, and
conduct light from one end to the other. Most fibers or waveguides are comprised o f
three primary parts: core, cladding, and buffer. The core consists o f a solid dielectric
material with a refractive index of m , see Figure 1.2. The core, n \, is surrounded by a
cladding with a refractive index /ti that is less than n\. The cladding confines the light to
the core, and is used to reduce the amount o f scatter loss due to dielectric irregularities o f
the core fiber. It also adds strength to the fiber and protects it from absorbing surface
contaminants in the sample matrix. A buffer coating surrounds the core and cladding to
add strength and to reduce the scattering loss due to irregular bending o f the fiber. The
buffer coating does not affect the waveguiding properties o f the fiber, but it allow fibers
to be handled more easily. Fibers are prepared from either silica glass or plastic.
Typically, dopants such as B2O 3 and GeOi are used to adjust the refractive index o f the
fibers.
Optical fibers transm it light by total internal reflection. Total internal reflection
occurs at the interface between media o f different refractive indices when the angle o f
incidence is greater than the critical angle, Figure 1.2. Otherwise, the light will cross the
interface, into the cladding, and be absorbed by the buffer. Snell’s law defines the
propagation o f light through a medium o f refractive index n\ to a m edium o f refractive
index /12- The acceptance angle, which is the largest incident angle for which total
10
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internal reflection may occur, is dependent on the refractive indexes o f the core n\,
cladding nj, and air no, as defined in equation 1.

sm a=—

(I)
no

The numerical aperture, NA, which can be defined as the light gathering power o f the
fiber, is proportional to the sine o f the acceptance angle, as noted in equation 2 .
NA = no sin a

(2)

Optical fibers can be classified in terms o f the refractive index profile o f the core and
whether one mode, (single mode fiber) or many modes (multimode fiber) are propagating
in the waveguide.14 If the core has a uniform refractive index, it is called step-index fiber.
If the core has a nonuniform refractive index, that decreases from the center towards the
cladding, the fiber is called a graded index fiber.

1.3 Sensors based on polym er sw elling
Our research group has investigated the use o f polymer swelling as a means of
chemical transduction for several years.20*24 The reversible swelling o f polymers applied
to optical sensor design is a relatively new concept The first fiber optic sensor based
upon polymer swelling was developed by McCurley in 1990.20 It used commercial ionexchange materials, sulfonated polystyrene and sulfonated dextran, to detect changes in
the ionic strength of aqueous solutions. The sensor coupled the swelling o f a polymer
bead to optical displacement within the optrode. Interaction between the analyte and the

11
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Buffer
Cladding (n2)
Core (ni)

Incident
Radiation

Figure 1.2 Diagram o f an optical fiber demonstrating total internal reflection. Total
internal reflection occurs when the angle o f incident radiation, at the core
cladding interface, 0, is greater than the critical angle, 0C. R| strikes the core
cladding interface at an angle less than 9Cand will refract out o f the core and
into the cladding. R2 will strike the cladding at an angle greater than the 6C
and will be totally internally reflected.
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polymer caused the bead to shrink or swell. The sensor used the size change o f a polymer
to force a flexible diaphragm to move, affecting the amount o f light reflected into an
optical fiber. At first, commercial ion-exchange m aterials were used in the sensor. It was
soon realized that the high cross-linking levels o f these m aterials limited their ability to
shrink and swell. The lifetim e o f the sensor was short because beads cracked after
repeated swelling and shrinking cycles. The commercial beads were confined in their
applications due to their limited functionality. As a result, new polymers were prepared
at low cross-linking levels to induce a larger swelling ratio which would provide a larger
response. Suspension polymerization o f vinylbenzyl chloride (VBC) and a toughening
agent, Kraton G1652, was used to prepare the next generation o f swellable polymers.21
The toughening agent, Kraton, is a styrene-ethylene/butylene-styrene co-polymer, that
improves the mechanical properties o f the polymer beads. It allowed the polymer to
reversibly shrink and swell without cracking. VBC was chosen as the monomer because
it could be derivatized to form an ionic polymer that could be used to sense pH or ionic
strength. The idea o f using polymer beads as mechanical actuators was soon abandoned
because the polymer beads with low crosslinking levels are too soft to produce enough
force to move a reflective diaphragm.
It was observed that pH sensitive polymers containing Kraton could be used in a
reflectance based optical sensor. A single fiber optic pH probe based on reflectance
changes accompanying polymer swelling was constructed in 1994.22 It consisted o f an
amine derivatized polymer attached to the distal end o f a fiber, and incorporated a LED as
the source and a photodiode as the detector. The chem ical sensing layer would swell
when exposed to an acidic medium, and the intensity o f reflected light would decrease.
13
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The sensor reflected light as a function o f pH through the region o f 6.5 to 8.0, with a
response tim e o f a few minutes.
Rooney23 explored the use o f polymer membranes that could be used as a sensing
layer for reflectance based sensors. Two strategies were explored, the first involved a
bulk pH sensitive membrane, and the second involved sweilable microspheres embedded
in a hydrogel matrix. It was observed that Kraton modified polym ers’ appearance
changed from opaque to clear when they swelled. At the time is was not totally
understood why this occurred. W e learned that the membrane was opaque because it
contained water filled pores. Because the water refractive index was lower than the
polymer refractive index, these pores acted as scattering centers. W hen the polymer
swelled, its w ater content increased and its refractive index decreased. The refractive
index difference between the pores and the polymer decreased, causing the polymer to
appear clearer. The second strategy was essentially the inverse o f the first Modified
polymer microparticles were embedded in a hydrogel matrix and the microparticles acted
as scattering centers. These membranes also have a turbid appearance. They are turbid
because light is reflected at the microparticle-hydrogel interface, due to the difference in
the refractive indices o f these materials. The microparticles are derivatized to be pH
sensitive and swell in acid media. When the microparticle sw ells, its water content
increases and its refractive index decreases. This makes the refractive index o f the
microparticles closer to that o f the hydrogel. As a result, the m em branes’ appearance
becomes clearer. There are many advantages to this design. One is the polymer’s ability
to swell in all directions. This leads to a larger change in volume, therefore a larger
optical signal. The basis for the response is due to the volume and refractive index
14
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change o f the microparticles. The larger the change the larger the signal. Also, the
amount o f pH sensitive material per membrane is low, which will decrease the response
time for the membrane. Another advantage o f this design is that it is relatively easy to
attach the hydrogel membrane to fiber optic materials. Adhesion had been a problem
with the other strategy because buckling forces accompanying swelling caused the
membrane to fall o ff the fiber tip. In the new design, the overall membrane does not
swell or shrink.
Civiello built the instrumentation required for the remote distributive fiber optic
chemical sensor24 utilizing the polymers developed in this dissertation as the sensing
elem ent The instrument may be used to make multiple measurements in real time from
one location, as shown in Figure 3. Although the signal to noise ratio is low, this design
did prove to be feasible and work on this system has continued. The source is MIR diode
laser pulsed at a frequency o f 33KHz. The pulse is launched into the input o f a 2x2 fused
silica couple, where it is split and delivered to the sensor tips, at the end o f two lengths o f
graded index fiber 300 and 500 meters long. Once the pulse is split, the signals are
separated in time, because o f the differing lengths o f each fiber. Using a powerful laser
as the source and fibers o f varying lengths, multiple sensors may be incorporated. The
light is reflected from the fiber-polymer interface and is transmitted through the lengths
o f the fiber to be detected at the photodiode. The data is displayed on a computer using
LabVIEW data acquisition program. The magnitude o f scattering is related to the analyte
concentration.

15
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L ab View D ata
A cquisition
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Silicon o r InGaAs
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Fiber/Polym er
In terface
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L aser Diode

2x2
C oupler
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Fiber/A ir Interface
Reference Tip o r A dditional
Sensor Tip

Figure 1 3 Schematic diagram o f a remote distributive FOCS.
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The reflectance based design has certain advantages over conventional types
o f absorbance or luminescence based optical sensors. The sensor design is rugged and
reversible. A rugged sensor has the ability to maintain its high performance
characteristics under harsh operating conditions and can obtain reliable data for long
periods o f time. This is the characteristic problem with sensors that are based upon
absorption or fluorescence indicators immobilized at fiber tips. Over a period o f time the
indicators leach off or photobleach, which limits the reproducibility and reliability.
Another advantage of the reflectance sensor is that it’s not necessary to use a specific
wavelength o f light as the source, so inexpensive sources such as LED’s can be used in
the red or NIR regions. It is also possible to work at the longer wavelengths used by the
telecommunications industry. The benefit o f using NIR wavelengths is that there is less
interference due to absorption or reflectance from the sample m atrix. Longer
wavelengths are also scattered less by impurities on the optical fibers. Remote
measurements can be performed using fibers with very low attenuation.

1.4 Sum m ary o f work
The primary objective o f my work was to develop improved pH sensitive polymer
microspheres for use in our remotely distributed fiber optic chemical sensor. The
particles that we desired were ones that would produce a large, fast, and reproducible
signal. A large reflectance change could be achieved by synthesizing particles that
produced a large difference in their refractive indexes, in their swollen and unswollen
states. The increased signal change is an important parameter to maximize the sensors’
sensitivity. Various polymerization conditions and derivatizations were examined to
17
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increase the signal. The sensitivity was measured as the change in the turbidity o f
hydrogel membranes containing these polymer microspheres.
The chemical sensing elements’ response tim e was also improved by investigating
various co-polymerization, derivatization, and polymerization techniques. A decrease in
response time would be realized if more porous and hydrophilic polymers were
employed. The idea is to increase the rate o f diffusion o f water and ions in and out o f the
polymer matrix. This parameter was investigated by measuring the time it required to
reach 90% o f the maximum signal.
Other studies involved how the reaction variables in dispersion polymerization
influence the particle size and particle distribution. Larger particles were desired so that
longer NIR wavelengths could be employed as the source for remote applications.
Attenuation o f the signal is larger for particles with diameters similar in length to that of
the source wavelength.
In this dissertation, chapter 2 provides background on polymers and
polymerization methods used in the preparation o f the microspheres. Background on the
optical measurements used in this work is also discussed. Chapter 3 describes the
experimental methods used to prepare and study the polymers’ size and morphology.
Chapter 4 involves the study o f the effects o f the reaction variables on the polymers using
dispersion polymerization. Systematic studies as well as a factorial design experiment are
used to gain insight on how formulation variables affect particle size. Chapter 5
describes the properties o f the dispersion polymers immobilized in hydrogels w ith respect
to magnitude o f signal and response times. Chapter 6 describes the properties o f
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the seeded polymers immobilized in hydrogels. The magnitude of signal and response
times with respect to particle concentration, membrane thickness, and buffer
concentrations are investigated. Chapter 7 summarizes conclusions from this work.
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CHAPTER 2

THEORY

2.1 Polym er Background
A polymer is a large molecule comprised o f small repeating subunits called
monomers.25 The word “polymer” has Greek origins, “poly” meaning “many,” and “mer”
meaning “p a rt ”26 Polymers are synthesized by linking the small molecules called
monomers. If only a few subunits are connected, a relatively low molecular weight
polymer called an oligomer, is produced. Polymers exist everywhere, and can be divided
into biological and nonbiological materials. Some examples o f biological polymers are
proteins, DNA, and cellulose. The use o f nonbiological polymers will be discussed in
greater detail because these polymers are employed in the sensing element o f our optical
sensor.
Polymers can be described as linear, branched, or network. Linear polymers are
straight chain polymers with no branching, other than the pendant group. Branch
polymers have side chains propagating from the main chain. Network polymers are
formed from the polymerization o f a monomer with difunctionality. These crosslinked
polymers have a high degree o f mechanical stability. The polymers prepared in this
dissertation are o f the branched and network type, with an alternating arrangement o f
20
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monomers. A specific type of branched polymer, called a graft copolymer, was prepared
while performing a technique called dispersion polymerization. The preparation o f a
graft copolymer involves two steps. The first is the preparation o f a homopolymer; the
second involves the addition o f a monomer onto the homopolymer, via grafting. The
result is a polymer backbone with side chains. Network polymers w ere prepared through
dispersion and seeded polymerizations. These polymers can be easily crosslinked by the
addition o f compound that has two reactive sites, {e.g. divinylbenzene). Both vinyl
groups can participate in the reaction, producing a polymer network structure.
Polymerization processes can be classified into two main groups, condensation
and addition or chain reaction polymerizations. In condensation reactions, the monomer
linkage is accompanied by the elimination o f a sm all compound, usually water. Chain
reaction polymerizations contain the same atoms in the polymer as the reacting monomer
units. These polymerizations involve three distinct processes: initiation, propagation and
termination. The polymers prepared in this work were polymerized by chain reaction
mechanisms.

2.1.1 Initiation
The initiation stage of the polymerization involves two distinct steps. The first
step o f the initiation process involves the form ation o f free radicals, and the second
involves the reaction o f the free radical with the vinyl group o f the monomer. The
initiator may be a compound that is either an ion or a reactive substance that has one
unpaired electron, called a free radical. The generation of free radicals occurs thermally
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or photolytically.
There are many types o f free radical initiators. Typically, they will either undergo
homolysis, the breaking o f a single bond, or single election transfer. Two common
initiators that have been used in the group are thermally unstable and belong to the azo
and peroxide type. Benzoyl peroxide, (BP) and azobis(isobutyronitrile), (AIBN) have
been employed and investigated in this work. AIBN is preferred over BP because AIBN
initiates polymerizations at lower temperatures than BP. hi dispersion polymerization, it
can be an advantage to polymerize at a lower temperature. Upon heating the AIBN, the
carbon nitrogen bonds are broken forming the cyanopropyl radicals and nitrogen gas, see
Figure 2.1. The cyanopropyl radicals will react with a vinyl group o f die monomer,
vinylbenzyl chloride (VBC). The radical will attack the double bond, forming a bond and
another radical. This newly formed radical w ill add to another vinyl group o f the
monomer and this chain w ill continue to propagate.

2.1.2 Propagation
The propagation stage o f polymerization involves the growth o f polym er by
addition o f the monomer to the radical a id o f a polymer chain, Figure 2.1. There are two
propagation pathways that can occur, head to head, or head to tail. The addition step is
usually a head to tail linkage, shown in figure 2. lb. Steric repulsion is responsible for
attack o f the radical to the least hindered carbon on the monomer. Propagation will
continue until one o f two termination steps o ccu r combination and dispropoitionation.
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Figure 2.1 Initiation (a) and Propagation (b) stages o f Free Radical Polymerization o f
VBC using AIBN as the initiator.
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Termination Pathways:
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Figure 2.2 Termination pathways o f the Free Radical Polymerization o f VBC,
(a) Combination (b) Disproportionation.
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2.1.3 Termination
Combination occurs when the radicals from two oligomers come together and

form a carbon-carbon bond. Figure 2.2a show s this type o f head to head linkage. This
will lead to a polym er which has initiator fragments at both ends o f the polymer.
Disproportionation occurs as a result o f a proton transfer which produces two products;
one is saturated and one is not. In disproportionation, polymer chains have initiator
fragments only at one end.

2.2 Polymer beads an d heterogeneous polym erization processes
Polymer beads are primarily made by heterogeneous processes, (e.g. emulsion and
suspension polymerizations). Emulsion polymerization produces 0.01 to 1.0 pm diameter
particles and suspension polymerization produces 50 to 1000 pm . The preparation o f
particles between the two ranges has been a difficult task, hi recent years, there has been
considerable interest in preparing o f uniform polymer microspheres in the 1 tol5 pm size
range.27,28 The control o f size and uniform ity is important because monodisperse
materials provide superior characteristics for m any applications. There are many
applications o f these polymers including; chromatographic materials,29 adhesives,
polishes,30 surface coatings,25 and supports for medical assays.31 O ur research involves
the use o f polymer particles in the size range from 1 to 3 pm. The polymer particles used
in this dissertation have been prepared by dispersion and seeded emulsion techniques.
Table 2.1 compares the general characteristics o f these heterogeneous polymerizations
processes.
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2.3 D ispersion Polym erization
2.3.1 Background
The technique o f dispersion polymerization, invented by Osmond and coworkers
at ICI pic,30 is essentially a modified precipitation polymerization. The early work on
dispersion polymerization focused on the production o f non-aqueous dispersions for the
coatings industry.30 It prim arily used hydrocarbons as the dispersion media and produced
particles with diameters around 1 pm. The early dispersion work can be traced back in
Barretts’ classic book on this subject, which covers up to the mid 1970’s.30 Since the
early work, Comer32 Almog e t a/.,33Lok and Ober34have produced uniform particles with
diameters between 1 and 10 pm . The majority o f this work has focused on the
monomers, styrene and m ethyl methacrylate. The interest in dispersion polymerization
has grown steadily, and is th e subject o f more recent reviews.25,35

2.3.2 Q ualitative D escription o f Dispersion Polym erization
Dispersion polymerization is a technique by which latex particles are formed with
diameters from 0.1 to 15 pm . Typically, all components o f the reaction are added at one
tim e to the polymerization vessel. The flask is heated to initiate the reaction, which may
only require a few minutes, but heating is continued for 4-24 hours to achieve a high
conversion. Upon heating the reaction for about 5 minutes, the appearance o f a whitish
hue is noticed. This corresponds to the particle nucleation.25 A few minutes later the
m ixture turns completely w hite as more polymer particles precipitate out o f solution. The
polymer particles assume a spherical shape due their minimising the contact surface
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Table 2.1 Comparison o f Heterogeneous Polymerization Process.
Process

Suspension

Emulsion

Dispersion

Seeded
Polymerization

Continuous
Phase

aqueous

aqueous

organic

aqueous

Stabilizer

ionic

ionic/nonionic

Initiator

soluble in
continuous
phase

soluble in
continuous
phase

soluble in
continuous
phase

low

low

soluble

Monomer
Solubility
Particle
Size

10 pm -100 mm

0.01-0.5 pm

graft co-polymer

0.1-15 pm

polymer
soluble
in monomer

low

1-100 pm
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with the medium.36 The cleaning procedures vary, depending on the desired use o f the
product Typically, the particles are isolated by either sedimentation, centrifugation, or
spray drying.25

2.3.3 Thefundam ental com ponentsfo r dispersion polym erization
The main ingredients for a dispersion polymerization include monomer, initiator,
solvent, and steric stabilizer. There are variations o f these components; formulations may
include two or more o f similar reagents, for example, co-solvents, co-monomers and costablizers. Although, the use o f co-stabilizers may be necessary for producing
monodisperse products in some instances, they cannot be used alone. These materials are
typically low m olecular weight anionic o r cationic surfactants.25 Table 2.2 gives a typical
formulation for producing 1 pm poly(vinylbenzyl chloride) particles.

T able 2.2 Formulation for dispersion polymerization o f VBC.
Material

Amount

Percentages

VBC

15 mL

30 (voL/vol.)

Ethanol

35 mL

70 (voL/vol.)

Polyvinylpyrrolidone

3.25 g

20 (w to f monomer)

Azobisisobutyronitrile

0.33 g

2 (w to f monomer)
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2.3.3.1 Dispersion medium
The dispersion medium has to satisfy the condition o f being a good solvent for the
monomer and a poor one for die resulting polymer. It m ust have the ability to dissolve all
o f the components in the formulation, (i.e. monomer, stabilizer, and initiator). Compared
to emulsion polymerization, many solvents may be employed as the continuous phase.
Some o f the early work used hydrocarbons as the dispersion medium, but recently,
research has turned to alcohols and mixtures o f more polar solvents, such as methanol
and ethanol.37*39

2.3.3.2 Monomers
The monomers that m ay be employed must be soluble in the dispersion media. A
variety o f monomers meet this requirement, but the m ajority o f the work involves methyl
methacrylate and styrene. O ther monomers that have been used include vinyl chloride,
acrylonitrile and acrylic acid.3S

2.3.3.3 Initiators
The most important requirement o f the initiator is that it is soluble in the
dispersion medium. Most often peroxide initiators, e.g. benzoyl peroxide, or azo type,
e.g. azobisisobutyronitrile, are used.

2.3.3.4 Stabilizers
The stabilizer plays an important role in both particle formation and the
production o f stable dispersions. The stabilizer has two distinct regions, one that anchors
29
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itself to the polymer and the other that is soluble in the dispersion medium. Stabilizers
generally fall into one o f three classes: homopolymers, block and graft copolymers and
macromonomers.25 The block and graft polymers are amphipathic and the
macropolymers are able to polymerize with the monomer, and essentially become a graft
copolymer. The homopolymers typically form grafts via chain transfer from growing
oligomers to the stabilizer producing a graft copolymer. The grafted polymer strands
provide stability to the particle as well as promoting growth o f the particle.
Polyvinylpyrrolidone is an example o f a homopolymer that has been employed in this
dissertation, hi the absence o f a stabilizer, the polymerization produces particles that
grow uncontrollably. The absence o f the steric stabilizer results in a coagulated product

2.3.4 E ffect o f Experim ental Variables on P article Size
The variables that affect particle size in dispersion polymerization are the solvent
strength o f the dispersion medium, the concentration o f the monomer, the concentration
o f the initiator, the concentration o f the stabilizer, and die temperature. A more detailed
explanation o f how these variables affect particle size, as well as the interrelationships o f
these variables will be presented in Chapter 4. A very general observation is that any
factor that increases the solubility o f the polymer in the dispersion medium will increase
particle size.

2.3.5 Particle Formation and Growth
The process o f particle formation is shown in Figure 2 3 . Initially, the mixture is
a homogeneous solution o f the monomer, solvent, initiator, and stabilizer. As the
30
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temperature is increased, the initiator decomposes forming free radicals. The free radicals
add to the vinyl substituents o f the monomer producing oligomers. The nucleation stage
begins w ith the growth o f the oligomers in the continuous phase. The oligomers grow in
the dispersion medium, and when they reach a “critical chain length”, they phase
separate. The oligomers precipitate out o f solution to form nuclei, which are colloidally
unstable. Once the nuclei are formed they may undergo homocoagulation.
Homocoagulation or “self-nucleation” occurs when two nuclei collide with each other
forming a larger unstable species. Concurrently, die nuclei may aggregate with oligomers
and absorb and/or graft to the steric stabilizer. Alternatively, growth by propagation may
occur to the particle surface, as well as absorption o f monomer and growth may take
place within the nuclei. The nucleation stage is ova: when oligomers formed in solution
are captured before they reach the “critical chain length” and phase separate. The nuclei
continue to grow by propagation and become mature particles when enough stabilizer has
been adsorbed or grafted to the particle. Once the particles are stabilized, they w ill
continue to grow. They will grow by either adsorption o f the stabilizer, oligomer capture,
or by propagation. Growth by heterocoagulation may also occur. Heterocoagulation
involves the larger latex particle colliding with nuclei forming an even larger entity.
Heterocoagulation occurs because as the particle grows, it is constantly forming a new
surface. Consequently, the distance between stabilising segments increases as the surface
area increases. These unstabilized surfaces allow for heterocoagulation.
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Figure 2 3 Schematic o f particle growth in dispersion polymerization.25
(A) Homogeneous system before polymerization. (B) Nuclei formed by
the precipitation o f oligomer chains longer than the “critical” length. (C)
Self nucleation and aggregation forming mature stabilized particles. (D)
Particle growth continues and stabilization by grafted and adsorbed
stabilizer. (E) Final particles are produced.
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The polymerization ends by either exhaustion o f the monomer or by cooling the system
and only mature particles are observed.
The final particle size and distribution are dependent on the reaction variables
listed in section 2.3.4 and will be discussed in greater detail in chapter 4.

2.4 Seeded Emulsion Polym erizations
Successive seeded emulsion polymerization is a technique that produces particles
with diameters between the range o f emulsion and suspension polymerizations. In this
method, seed particles are swollen with monomer, initiator, and solvents that are highly
dispersed by emulsifiers. The “seed” acts as a shape template, and maintains its form
when swollen with monomers or solvents. Seed particles produced by the technique of
emulsifier free emulsion polymerization do not have the ability to swell to large volumes.
Seeds prepared by this technique can only swell 70 times its volume, or 4 tim es the
diameter of the starting m aterial.40 Typically, a few o f these build up processes are
needed to produce particles around 10 pm.
Monodisperse particles have been prepared by a multi-step swelling and
polymerization method, utilizing a swelling activator.31 The technique developed by
Ugelstad,31 involves at least two polymerization steps. The first involves the production
o f monodispersed seeds, which are prepared by em ulsifier free emulsion polymerization.
The seed particles are “activated” by the absorption o f a low molecular weight waterinsoluble compound, (e.g. chlorodecane). The chlorodecane is emulsified to facilitate its
diffusion through the water and into the seed. A water soluble compound, acetone, may
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be added to promote swelling. Once the chlorodecane has swollen the seed particle, the
acetone must be removed before polymerization. Large volumes o f additional monomer,
crosslinker, and porogenic solvents are added to swell the seed particles. Ugelstad reports
swelling ratios o f 100-5000 times by volume, and monodisperse particles with diameters
up to 100 pm have been produced.31 The monomer swollen seeds are polymerized in the
presence o f a poly(vinyl alcohol) to prevent coagulation o f the particles. Careful control
o f emulsifier concentration and foe use o f oil soluble initiators allow for successful
polymerization with foe absence o f new particles formed in foe aqueous phase.
Okubo has developed a so called “Dynamic Swelling Method” in which particles
exhibit a large degree o f swelling in one step.41 Seed particles 1.8 pm in diameter, were
prepared by dispersion polymerization, and dispersed in an ethanol water mixture
containing monomers, crosslinker, and stabilizers. The continuous, slow addition o f
water facilitates the separation o f monomer from foe medium and its absorption by foe
seeds. Using this method, uniform particles with diameters up to 6.1 pm have been
prepared.41,42
Other groups have had success preparing particles in foe range o f 4.1-7.5 pm with
a single step swelling and polymerization method.43,44 Swelling ratios up to 200 fold by
volume have been noted with seeds prepared by dispersion polymerization. This may
attributed to foe fact that a small amount o f steric stabilizer may be incorporated on the
particle surface.45 It is believed that this stabilizer increases foe particle’s absorption
capability without “activating” foe particle.43
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2.5 P orosity
Polymer porosity has been an issue for our research for many years. Porosity has
been introduced into the polymer to increase the rate o f polymer swelling. Porosity can
be incorporated into a network by polymerizing the monomers in the presence o f
porogenic solvents. Porogenic solvents or diluents are compounds that are incorporated
in the polymer formulation, but do not get polymerized. The porogenic solvent occupies
space and solvates the growing polymer chains. When the polymerization is complete,
the solvent can be removed and pore space remains. This will be the result if the level o f
crosslinking is high enough so that the resulting product does not collapse. Typically, a
high percentage o f crosslinking is needed to produce polymers w ith permanent porosity.
These materials have been called macroredcular resins.46
The size and distribution o f porosity is determined by the method o f polymer
production. The formation o f porosity, which will be described in the following
paragraphs, applies to polymers that are produced by bulk, suspension, and seeded
polymerization. This mechanism cannot be implemented with the dispersion
polymerization technique.
The diluents that are used to produce porosity can be “good” solvents or “poor”
solvents for the growing polymer. A “good” solvent is one that has the ability to solvate
the polymer chains as they are growing.47 The “good” diluents typically have similar
structure to that o f the polymer. For example, toluene and benzene are “good” diluents
for polystyrene. The “poor” diluents typically have different structure to that of the
growing polymer. For example, dodecane would be considered a poor solvent for
styrene. The difference between these solvents produces different types o f pores.
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Typically, a “good” solvent for the polymer will produce a product w ith very small pores
and a network o f relatively untangled chains.48 The addition o f a “poor” solvent produces
larger pores and does not promote as m uch swelling as the “good” solvents. This can be
attributed to the phase separation between the growing chains and the “poor’*solvent
during polymerization.47 This leads a product which has a higher degree o f tangled
chains.

2.6 Solubility Param eter
The solubility parameter is introduced in this chapter because o f its significance in
dispersion polymerizations. The effect o f die solubility parameter on particle size with
respect to dispersion polymerization will be presented in chapter 4. The solubility
parameter, 5, is defined as the square root o f the cohesive energy density.49 The cohesive
energy density is the cohesive energy per unit volume and is die energy needed to remove
a molecule from its nearest neighbor.26 The solubility parameter can be used to predict
whether polymers and solvents will be soluble.
The ability o f a polymer to dissolve in a solvent is governed by the free energy o f
mixing:
AG m u = A H m k - T A S mdc

(1 )

Where:
AGmh = Free energy o f m ixing (kJ/mol)
AHmu - Enthalpy o f m ixing (kJ/mol)
ASmk - Entropy o f m ixing (kJ/mol-K)
T = Temperature (K)
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For the components to dissolve spontaneously, AGmk must be negative. The
dissolution o f a polymer is usually associated with a positive ASmk, due to the increased
conformational m obility o f the polymer chains.26 Therefore, the magnitude o f the
enthalpy, AHm*, o f the solution determines the resulting sign o f AGmu- hi order for the
free energy o f m ixing to be negative, the enthalpy o f mixing m ust be smaller than foe
product o f foe entropy o f mixing and temperature. The enthalpy o f mixing can be
calculated according to Hildebrand:30

AhMix = <J»i

(5i - Sz)2

(2)

W here:
AhMix = enthalpy o f mixing per unit volume
$t <J>2= volume fraction o f components 1 and 2
Si and 82 = solubility parameters o f components 1 and 2

For foe polymer to dissolve, the solubility parameters should be equal or the value o f
(5 1 - $ 2)2 should be at least small in magnitude. Table 2.3 shows foe solubility parameters
for a variety o f solvents and monomers which are listed by increasing polarity according
to their solubility parameter. As foe solubility parameter o f foe dispersion medium
becomes much larger than that o f foe polymer particles, foe particle size decreases.
Adding co-solvents that change the solubility parameter will affect particle size.
The solubility parameters o f solvent m ixtures were calculated by taking foe
average based on volume o f the solvents and monomers. The average was calculated by:

/(2 > a !)

0

)
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Table 2.3 Solubility param eter o f various solvents.49
Solubility parameter
Solvent
Si (cal/cm3) 1'2
Toluene

8.9

Tetrahydrofuran

9.1

Styrene

93

4-Acetoxystyrene

10.7

Vinylbenzyl chloride

10.9

1-Butanol

11.4

2-Methoxyethanol

11.4

2,4,5-T richlorophenolacrylate

11.7

2-Propanol

11.5

Dimethylsulfoxide

12.0

Ethanol

12.7

Methanol

14.5

1-Decanol

14.9

Water

23.4
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Where:
<f>t ~ is the volume fraction o f solvent or monomer
<5. - is solubility param eter for the solvent or monomer
Appendix A and shows a sample calculation for the solubility param eter for VBC.
Appendix B shows a sample calculation for the solubility parameter o f VBC in ethanol.

2.7 Polym er Sw elling
2.7.1 N onionic polym er swelling
A polymer will swell when it is placed in an environment which is similar in
structure to itself When placed in a compatible solvent, a polymer will dissolve if it is a
linear polymer. However, if the polym er is crosslinked, it will swell to an equilibrium
volume. The polymer will absorb the solvent to a point where the swelling forces due to
solvation are counterbalanced by the retractive forces o f crosslinking. Flory51 described
the polymer swelling process with the following equation:

(4)

Where:
qm= equilibrium swelling ratio
v = specific volume o f the polymer
Mc= molecular weight per crosslink unit
M= molecular weight o f the polymer network
X\ = interaction parameter - first neighbor interaction free energy
divided by kT for solvent with polymer
V i= molar volum e o f the solvent
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Equation (4) describes the dependence o f the equilibrium swelling ratio (qm) on the
quality o f solvent, as expressed by ArI, and the degree o f crosslinking (Me)-51 The degree
o f swelling in a good solvent will decrease with an increase in crosslinking. The
equilibrium swelling also decreases with increasing primary molecular weight, M. The
term (l-2Mc/M) is a correction factor for network imperfection resulting from chain
ends.51

2.7.2 Ionic Polym er Sw elling
The optical change associated with our sensor is dependent on the degree o f
swelling due to electrostatic forces. The swelling mechanism differs from that o f a
neutral polymer. Neutral polymer swelling depends on the degree o f crosslinking and the
solvent’s compatibility with the polymer. Ionic polymer swelling is dependent on both o f
those factors as well as the number o f charged groups on the polymer network. These
charges greatly increase the polymer’s tendency to swell. When the ionizable groups
become charged, an electrostatic charge is set up along the polymer network. The
polymer tries to alleviate this stress by expanding the distance between the charges. For
our system, we have derivadzed poly(vinyIbenzyi chloride) with a basic compound,
diethanolamine. This produces a tertiary amine which can become protonated when
placed in an acidic environm ent The degree o f protonation depends on the pH o f the
medium which surrounds i t Figure 2.4 shows a diagram of ionic polymer swelling. The
degree o f swelling is described by Flory’s51 equation:
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qm = equilibrium swelling ratio
i = number o f electronic charges per polymer unit,
Vu = molecular volume o f polymer repeating unit,
S = molar ionic strength,
X \ —interaction parameter,
Vi = molecular volume o f solvent,
ve = effective number o f chains in network, and
Vo = volume o f unswollen polymer network.

Equation (5) can be divided into two parts. The first term deals w ith electrostatic
swelling and its dependence on ionic strength o f the polymer. The second term involves
solvent polymer compatibility. Polymer swelling can be explained by either electrostatic
arguments or as an osmotic pressure effect The electrostatic repulsion argument is that
the charged subunits along the polymer chain will try to maximize the distance between
the fixed sites. The degree o f swelling increases with the number o f electronic charges on
the polymer, and decreases with increasing ionic strength levels. If the polymer contains
a greater number o f charged sites the repulsive forces will be enhanced. Conversely, if
the ionic strength o f the solution is increased a decrease in swelling would result due to
the shielding o f the fixed charges by mobile ions.
The other explanation involves an osmotic pressure effect If a polymer contains
ionizable groups, it has some certain fixed charge density. If the charge density o f the
polymer is greater than that o f the surrounding solvent, the solvent will enter the polymer
41
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Figure 2.4 Diagram o f ionic polymer swelling. (A) shows the polymer in an unswollen
state, and (B) depicts the swollen state. The squares represent fixed charges
on the polymer chain and the circles represent mobile charges in the external
solution.
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to try and equalize the charge difference. This increase o f solvent content in the particle
will result in an increase in the diam eter o f the particle. Conversely, if the charge density
o f the surrounding solvent is larger than the polymer, solvent from the interior o f the
particle will be driven out into the solvent and the particle size will decrease.
The swelling o f an ionic polymer is dependent upon m ainly three factors: the
degree o f crosslinking; the polymer-solvent compatibility; and the number o f fixed
charges on the polymer. Other factors such as ionic strength also influence the degree o f
swelling o f an ionic polymer.

2.8 O ptical m easurem ents o f m icrospheres embedded in hydrogel membranes
The sensors that have been constructed in our research group are based upon
reflectance measurements.52 The instruments use polymer membranes, that have been
derivatized to make them sensitive to changes in pH. When placed in various
environments, the membranes swell and shrink, and therefore reflect or transmit differing
quantities o f ligh t W e have coupled derivatized polyfVBC) membranes to a glass
substrate attached to a optical reflective device, ORD.53 The ORD consisted o f an
infrared LED, as the source, and a phototransistor as the detector. The measured voltage
gave us the amount o f light that was reflected back to the detector. One of the problems
with this design was that it was difficult to attach the membrane to the glass substrate.
Also, it was difficult to produce membranes that would scatter light effectively and
reproducibly.
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The membranes that have been investigated in this dissertation are o f a different
design. They are constructed by embedding ionic polymer particles in a hydrogel
membrane. Only the immobilized spheres shrink and swell, the hydrogel does not
A turbid solution is a suspension o f particles that scatters lig h t Turbidity can be
determined in a spectrophotometer by measuring “absorbance”. In turbidimetry, the
decrease in transmitted intensity is due to scattering rather than absorption. The
scattering and reflection occur when the particles have a refractive index that is different
from the solvent
Turbidity o f the particles is related to the intensity o f light passing through the
sample, in my case the hydrogel membrane. The intensity o f transmitted light is
described by the equation34
I = lo e '*

(6)

Where,
I = intensity o f light passing through the sample
Io = intensity of light
t = turbidity
b = pathlength (cm)

Solving for turbidity:
(7)
Tau and the intensity o f light are dependent on concentration o f particles as well as on
molecular weight o f scattering center, and the pathlength b, which is in centimeters.
Therefore, t , is in reciprocal centimeters.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Particles that are small relative to the wavelength o f light scatter uniformly, this
type is called Rayleigh scattering and occurs in all directions. The scattering o f larger
particles is called Mie scattering. Light scattering occurs only if the suspended particle, is
smaller than (3/2)X. Large particles will reflect lig h t In our case we have particles on the
order o f 1.2 pm and wavelengths o f 0.6 pm.
The refractive index is the main contributor to the intensity o f scattered lig h t For
normal incidence, the reflectance o f light scattered is described by the Fresnel equation:
R(X) =

Vh+ ’hY

(8)

Where,
ni = refractive index of material 1
n2 = refractive index o f material 2
As the refractive indices come closer together, there is less reflectance. This occurs
when our membrane, with derivatized embedded microspheres, is in an acidic
environm ent Conversely, when the membrane is placed in a basic solution, the particle’s
refractive index increases. This increases the refractive index difference between the
particles and the hydrogel, therefore increasing the reflectance.

2.9 H ydrogels
Hydrogels are water filled polymer networks which are made naturally or
synthetically.55 They possess many attractive qualities for our sensor design. My
research has employed the following in membrane preparation: 2-hydroxyethyl
methacrylate HEMA, hydroxyl ethylacryiate HEA, and polyvinyl alcohol PVA.
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HEMA is stable in varying conditions o f pH and temperature. The acrylates can crosslink
themselves whereas the PVA was crosslinked with glutaraldehyde. Hydrogel polymers
are used in our research for several reasons. The first reason is that hydrogels can be
attached to a glass surface, (e.g. fiber optic cable). Second, they provide a very large
signal due to the low refractive index o f these materials. The difference in the refractive
index o f the bulk hydrogel and the embedded microspheres is large. Third, they are
biocompatible so that biological applications may be investigated in the future. Fourth,
since they are water filled polymers, diffusion o f ions in and out o f the immobilized
microspheres should be increased, compared to that o f a bulk hydrophobic membrane.
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CHAPTER 3

EXPERIMENTAL

3.1 Reagents
Vinyibenzyl chloride (98%; 70% meta, 30% para) was purchased from Dow Chemical.
The following reagents were purchased from Aldrich:
Divinylbenzene, (DVB), 55% m ixture o f isomers, remainder mainly 3-and
4-ethyIbenzene. F.W. 130.19, b.p. 195°C.
2,2-Azobisisobutyronitrile, (AIBN), 98%, F.W. 164.21, m .p. 103-105°C.
Acryloyl chloride, F.W. 90.15, b.p. 72-76°C.
2,4,5-Trichlorophenol 99% F.W. 197.45, m.p. 67-69°C.
Poly(vinyl alcohol), (PVA), 100% hydrolyzed average MW 14,000
Poly(vinyl alcohol) 87-89% hydrolyzed average MW 85,000-146,000
2v2-Dimethoxy-2-phenyI-acetophenone, 99%, F.W. 256.30, m.p. 67-70°C
Styrene, 99%, F.W. 104.15, b.p.l45-146°C
Ethylene glycol dimethacrylate, (EGDMA), 98%, F.W. 198.22, b.p.
98-100 °/5mm.
2-Hydroxyethyl methacrylate, (HEMA), 97%, F.W. 130.14, b.p. 67°/3.5mm.
Dimethylamine, 40 w t% solution in water
Diethylamine, 98%, F.W. 73.14, b.p. 55 °C
Diethanolamine, 99%, F.W. 105.14, b.p. 217°/150mm.
Dipropylamine, 99+%, F.W. 101.19, b.p. 105-110 °C
Dibutylamine, 99+%, F.W. 129.25, b.p. 159°C
Ethylenediamine, F.W. 60.10, b.p. 118 °C
Triethylamine, 99%, F.W. 101.19, b.p. 88.8°C
1-Propanol, 99+%, F.W. 60.10, b.p. 97°C
2-Propanol, 99+%, F.W. 60.10 b.p. 82.4 °C
1-Butanol, 99%, F.W. 74.12, b.p. 117.7°C
Decyl alcohol, 99%, F.W. 158.29, b.p. 231 °C
Methoxyethanol, 993% , F.W. 76.10, b.p. 124-125°C
Dichloromethane, 99.6%, F.W. 84.93, b.p. 40°C
Tetrahydrofuran, 99%, F.W. 72.11, b.p. 65-67°C
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Toluene, 99%, F.W . 92.14, b.p.110.6°C
Methyl sulfoxide, DMSO, 99%, 78.13, b.p.l89°C
Ethyl alcohol, Dehydrated, 200 proof, Pharmco.
The following chemicals were purchased through Sigma Chemical Company:
Polyvinylpyrrolidone, (PVP) Ave MW 10,000, K value 29-32
Polyvinylpyrrolidone, (PVP) Ave MW 44,000, K value
Polyvinylpyrrolidone, (PVP) Ave MW 360,000, K. value
The following chemicals were purchased from Fisher:
Acetone, F.W. 58.08, b.p. 56.01°C.
Sodium acetate,
sodium hydroxide,
hydrochloric acid,
glutaraldehyde, 50% aqueous soln,
sodium bicarbonate,
Sodium chloride and standard pH buffers (4.00,7.00, and 10.00) were
purchased from J.T. Baker.

Unless otherwise specified, all buffers were prepared at 0.1 M buffer concentration and
0.1 ionic strength adjusted with sodium chloride. Aqueous solutions were prepared using
doubly deionized distilled water prepared with a Corning Mega-Pure distillation
apparatus.

3.2 Apparatus
A Cary 5 UV/Vis/NIR spectrophotometer was used to obtain turbidity and other
UV/Vis measurements. The spectrophotometer used 1 cm cuvettes and plastic polymer
membrane holders fabricated by the UNH machine shop. The plastic holders allowed the
polymer films to be held in the cuvettes during the analysis. A n Amray 3300FE Scanning
Electron Microscope was used to determine particle diameters. A Perkin-Elmer M odel
2400 CHN analyzer determined the nitrogen content o f the derivatized microspheres.
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Photopolymerization o f the HEMA hydrogels was carried out under a 400 Watt UV lamp.
A Nicolet 520 FT-IR spectrophotometer was used to characterize the polymer
derivatization reactions. An Orion 901 digital analyzer with an Orion 91/55 combination
pH electrode was used to measure buffer pH’s. A Fisher laboratory centrifuge (3400
rpm) was used to concentrate the polymer microspheres. A Branson model 1210
sonicator was used to resuspend particles after centrifugation and cleaning procedures.
Talboys medium duty stirrer motors were used for the seeded emulsion polymerizations.
A Bausch and Lomb Abbe refractometer was used to make refractive index
measurements. A Nikon microscope was used to observe emulsified particles as well as
microspheres. All glassware, 500mL three neck reaction vessels, and stirring apparatus
were purchased through VWR.

3.3 Procedures
3.3.1 Preparation o f 2,4,5-Trichlorophenyl A crylate (TCPA) monomer*6
TCPA was prepared by the following procedure.56 Figure 3.1 shows the reaction
by 2,4,5-Trichlorophenol (TCP) and acryloyl chloride. A one liter 3 neck flask equipped
with a magnetic stirrer was charged with 0.5 m ol TCP and 150 mL o f dichloromethane.
The flask was immersed in an ice bath to chill the TCP. It was stirred until the TCP
completely dissolved. Two dropping funnels w ere employed to deliver 0.5 mol of
triethylamine in 150 mL o f dichloromethane, and 0.5 mol o f acryloyl chloride in 150 mL
o f dichloromethane. These two solutions were added dropwise to the TCP with
continuous stirring. The dropping funnels were exhausted after 30 minutes. The reaction
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Figure 3.1 Synthesis o f TCPA
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was stirred for an additional 3 hours in an ice bath. The product continued to stir for 6
more hours at room temperature. The triethylammonium chloride salt was removed by
filtering through glass wool. The filtrate was added to a 1 liter separatory funnel and
washed successively w ith 100 mL deionized water, 100 mL saturated sodium
bicarbonate, and 100 mL deionized water. The solution was dried over anhydrous
sodium sulfate and filtered. The excess dichloromethane was rem oved by a rotary
evaporator, and the TCPA was dissolved with ethyl acetate and transferred to a
recrystallization dish. The TCPA dried overnight and the product w as crushed with a
mortar and pestle and placed in a vacuum oven for 6 hours at 35° C. The dried TCPA
was transferred to a plastic bottle and stored in the refrigerator at 4° C.

3.3,2 Preparation o f seed particles: D ispersion polym erization
A variety o f monomers were polymerized to prepare m icroparticles by dispersion
polymerization. The structures o f the monomers used in these polymerizations are shown
in Figure 3.2. Typically, the monomers were polymerized in an alcohol media, which
sometimes included a co-solvent Polyvinylpyrrolidone, MW 44,000, was used as a steric
stabilizer, (20% w t o f monomer), and AIBN (2% w t/vol. o f monomer) was used to
initiate the reaction. All o f the reagents were completely dissolved before the start o f the
polymerization. The polymerization was carried out in a 500 mL 3 neck flask that was
stirred with a magnetic stir bar. The reaction m ixture was purged w ith nitrogen for 10
minutes before the start o f the reaction. The m ixture was polymerized at 70 ± 2 °C for 6
hours. After approximately 10 minutes, the solution has a translucent appearance; this is
due to the nucleation stage o f the polymerization. As the polymerization continues, the
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F igure 3 ^ Structures o f monomers, crosslinker and initiator used in dispersion
and seeded polymerizations.
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solution turns into an opaque, white latex. After polymerizing for 6 hours, the
reaction is stopped, and the product is dispensed into a beaker to which 200 mL o f
methanol is added. The microparticles are cleaned and isolated by centrifugation. After
isolation, the particles can be derivatized or stored.

3.3.3 M icroparticle cleaning
The particles were isolated by centrifuging the reaction mixture, decanting the
supernatant, and redispersing the reaction mixture. The rem aining polymer was washed
two more times with methanol. The particles were resuspended by sonicating the
polymer for 10 minutes. The product was poured into a petri dish and dried, or added to a
plastic bottle and stored in the refrigerator.
The particles were similarly cleaned after derivatization procedures. The
microparticles were cleaned and resuspended with distilled water three times. The
particles were stored in a 8mL vial at room temperature.

3.3.4 Preparation ofporous particles: Seeded polym erization
In a 500 mL 3 neck flask fitted with an overhead stirrer, 0.5 grams o f seed
particles were dispersed in a 5% (Poly)vinylalcohol solution, PVA, MW 85,000-146,000,
containing an emulsifier, sodium dodecyl sulfate, SDS, (0.25% wt/vol). Acetone was
added to swell the seed particles and the solution was slowly stirred overnight In a
beaker, the following reagents were added: 5 mL o f SDS, 4mL o f VBC, DVB (2% mol o f
VBC), toluene volume equal to 40% o f total volume o f monomers, and AIBN (2% wt/vol
o f VBC). The contents o f the beaker were sonicated for 10 minutes to emulsify the
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mixture. An aliquot o f the solution was observed under a Nikon optical microscope. To
ensure fast transfer o f the emulsified particle to the seed, the emulsified droplets should
have a diam eter less than 1 pm.
The contents of the beaker were slowly added to the swollen seed particles.
Approximately one third o f the emulsified mixture were added to the flask in 10 minute
intervals. The mixture was stirred for 24 hours to allow the seed particles to swell by the
absorption o f the emulsified liquid, (i.e., VBC, DVB and toluene). The mixture was
purged with nitrogen for 10 m inutes, and polymerized at 70 °C for 12 hours. The
contents o f the reactor are transferred to a large beaker and the beads are washed w ith 100
mL o f a 1:1 ethanol water solution. The supernatant was discarded after sedimentation o f
the beads. This procedure was repeated once with ethanol w ater and twice using
methanol as the wash solution. The beads were either air dried and sent out for SEM
analysis, or prepared for amine derivatization.

3.3.5 D erivatization
The beads were functionalized by reacting diethanolamine with the VBC. This
reaction displaces the chloride from the chloromethyi carbon producing a tertiary amine,
Figure 3.3. The beads were derivatized by adding a 1:1 diethanolamine:acetone solution
to the beads dispersed in methanol. The beads were slowly stirred for 3 days. They are
washed by a sim ilar procedure as in section 3.3.3. The particles were washed with 0.1 M
HC1 and then with deionized water. The beads were concentrated by centrifugation and
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F igure 3 3 Preparation o f amine modified polymers
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I

resuspended by sonication in a small amount o f water. The solids content o f the bead
suspension is known so the particle concentration can be controlled for preparation o f a
PVA membrane with embedded microspheres. The suspensions typically have a solids
content o f 10%. The particles are transferred into a vial and stored at room temperature.

3.3.6 Preparation o f H ydrogel Membranes
3.3.6.1 Pofy(vinyl alcohol) membranes
Figure 3.4 shows the structures of the hydrogel monomers, crosslinkers, and
initiators used in this dissertation. A 5% (wt/wt) solution o f PVA, (MW 14,000) was
prepared. To a 500 mL beaker, 5 grams o f PVA were added along with 95 grams o f
water. A magnetic stir bar was added to the beaker and the solution was stirred until all
the PVA had dissolved. A 10% aqueous solution o f glutaraldehyde was prepared from a
25% stock solution. Both solutions were stored in plastic bottles at room temperature.
In a 15 mL beaker, 1 mL o f the PVA solution, 100 |iL o f glutaraldehyde, and 100
HL o f a 10% solution o f microspheres were combined. The mixture was sonicated with
continuous stirring until it was completely homogenous. It is imperative that the
suspension be free from particle aggregates. A fter the mixture was homogenous, 100 |iL
o f 4 M HCL was added to the sluny. This initiated the polymerization which proceeded
rapidly from this point. The solution was stirred and a portion was applied to a
microscope slide, w ith a 76 pm thick Teflon spacer applied around the edges. The
polymer substrates thickness was controlled by the thickness o f the Teflon tape spacer.
The microscope slide was covered with another slide that was completely coated with
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Figure 3.4 Structures o f monomers, crosslinker and initiator used in membrane
preparation.
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Teflon tape and was secured with a binder clip. The solution was allowed to polymerize
for 10 minutes. The resulting polymer was molded to the shape o f the spacer. The
membranes were removed and washed by cycling three tim es between pH 4 and pH 10
buffers. The membranes were stored in a vial at room temperature, in pH 10 buffer.

3.3.6.2 HEMA and HEA hydrogel membranes
The preparation of these hydrogels was essentially the same as for the PVA,
except that a photoinitiator, 2,2-dimethoxy-2-phenylacetophenone, and crosslinker
ethylene glycol dimethacrylate w ere employed. An aliquot o f this suspension was applied
a microscope slide with a Teflon spacer around the edge. It was covered with another
Teflon coated slide and polymerized under a 400 Watt Mercury lamp for 10 minutes. The
membranes were cleaned by cycling them between pH 4 and pH 10 buffers, and then
stored in pH 10 buffer.
A monomer solution o f approximately 1 mL total volume is usually prepared. It
consists o f 1 % wt. microparticles, 1 % mol crosslinker EGDMA, and 1% wt. initiator.

3.4 Characterization
3.4.1 Electron microscopy
Scanning electron microscopy (SEM) was carried out on an Amray 3300FE
Scanning Electron Microscope. The samples were prepared by placing a drop o f the
product onto a glass substrate and allowing it to air dry. The glass substrate was glued to

58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

the sample stub. The samples were coated under vacuum with a thin layer o f a
gold/palladium alloy to a depth o f about 300A.

3.4.2 P article size and distribution m easurem ents
The particle size was calculated from the scanning electron micrographs. On
average, the diameters o f 100-125 random particles were measured using a ruler. The
mean and relative standard deviation were calculated. The magnifications on the SEM’s
were adjusted in such a way that the error in the diam eter measurement was less than
10%. (i.e. the mm graduations were used in m aking the measurements and the
magnifications were adjusted so that the smallest particles would be around 10 mm.)

3.4.3 Percent Recovery m easurements
After the cleaning process was completed, the particles were dispensed into a
clean, massed petri dish. The particles were air dried and the percent recovery was
calculated by massing the product and dividing by the initial monomer w eight

3.4.4 CHN analysis
The aminated microspheres were thoroughly washed with 0.1M H O and
deionized water to remove excess amine. The particles were transferred to a petri dish
and dried. The particles were ground with a m ortar and pestle and submitted for analysis.
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3.4.5 FTIR analysis

Derivatization reactions were confirmed by FTIR. Approximately 10 m g o f
particles were added to about 0.5 g o f KBr and pressed into a p ellet Particles were
investigated before and after derivatizations. The disappearance o f the C-Cl peak was
monitored for VBC and VBC-TCPA beads.

3.4.6 O ptical M icroscopy
The size o f the emulsified droplets was determined by measuring the diameters
the droplets and particles using a Nikon optical microscope. An aliquot o f the emulsified
monomer was observed after the solution had been sonicated for 10 minutes. This was
used as a screening process to confirm that the diameters o f the added monomer were
smaller than 1 pm . If they were not, the monomer was sonicated longer until it was
below that lim it

3.4.7 R efractive index measurements
The refractive indexes o f the microspheres were estimated by using group
contribution methods.57 The PVA hydrogels refractive indexes were obtained by an Abbe
refractometer. The refractive indexes o f various weight percentages o f PVA, (MW
14,000) monomer solutions were determined. The refractive index o f HEMA was
calculated using group contribution methods.
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3.4.8 Turbidity M easurements
The m ajority o f the turbidity measurements were m ade on hydrogels which had a
thickness o f 76 fim. This thickness provided enough mechanical stability so that many
measurements could be obtained without tearing the membrane. The thickness o f the
membrane was controlled by the thickness o f Teflon spacer applied to the microscope
slides.
The membranes were secured between two plastic holders. The holders fit inside
a cuvette and allowed the membrane to be easily handled and analyzed. The reference
cuvette consisted o f the membrane holders and the buffer that was being used in the
analysis. The membrane tmbidance was scanned from 400 to 1000 run. The data
presented refers to the turbidity at 600 nm, unless otherwise specified.

3.4.9 Experim ental Design
A factorial design experiment was run to investigate the four main variables that
affect dispersion polymerization. The factorial design experiment was employed because
it provides not only information on the main factors affecting polymerization, but also on
the interactions between the factors. Each variable was investigated at 2 levels, a 24
factorial design. The 16 reactions were run in random order. The design o f the
experiment along with the levels o f each variable are shown in Table 3.1. The variables
are set at high and low levels. The monomer concentration was set at a volume
percentage o f 5% or 15%. The solvent polarity was calculated from solubility parameter
tables.57 The diluent and monomers were included in the calculation; the initiator and
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T able 3.1 Factorial Design for Reaction Variables for VBC Dispersion Polymerization.

Formulation
Number

Monomer
(vol/vol%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

15
15
15
15
15
15
15
15
5
5
5
5
5
5
5
5

Solubility
Initiator
Stabilizer
w t% o f monomer wt.% o f monomer Parameter
(cal/cm3) 1/2
15
15
15
15
2
2
2
2
15
15
15
15
2
2
2
2

24
24
8
8
24
24
8
8
24
24
8
8
24
24
8
8
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15
12
15
12
15
12
15
12
15
12
15
12
15
12
15
12

steric stabilizers were neglected because they are present at relatively low levels, i.e. less
than 4%. The high solubility parameter included the addition o f w ater to the formulation.
The low solubility parameters included 2-methoxyethanol as the co-solvent. The initiator
levels were set at 2 and 15%, and are reported as w t %’s o f the monomer. AIBN was
employed as the initiator. The stabilizer, Polyvinylpyrrolidone MW 44,000 was varied
between 8 and 24% by weight o f the monomer.
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CHAPTER 4

PREPARATION AND CHARACTERIZATION OF
POLYMER MICROSPHERES USING DISPERSION
POLYMERIZATION

4.1 Introduction
This chapter explores the variables that affect the particle size and distribution o f
microspheres prepared by dispersion polymerization. The goal o f this work was to
produce particles o f various sizes with narrow size distributions, {i.e. less than 10%
r.s.d.). The beginning o f the chapter will discuss the factorial design experiment, which
involved the following variables: initiator concentration, monomer concentration,
stabilizer concentration, and solubility o f polymer in die dispersion medium. The particle
size and distribution are dependent on these variables as well as on temperature. The
factorial design was employed because it allows one to gain information not only on the
m ain factors affecting particle size but also on the interactions between the main factors.
The interactions of these factors are quite complex, therefore, systematic studies are
presented to delineate the effect o f these variables. The information presented was
obtained from scanning electron micrographs (SEM) o f the particles, which allow us to
determine average size and distribution.
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The effect of formulation variables on particle size was investigated so that the
preparation o f desired particle sizes could be controlled. To maximize the optical
response o f our sensor, it is important to have the proper particle size to wavelength ratio.
Our goal is to prepare distributive optical sensors for remote sensing applications, which
uses near infrared telecommunication technology designed for 1310 nm. To maximize
our signal, we would need to use scattering centers o f at least 2 times the width o f the
wavelength o f the source, (e.g. 2.6 pm). Mike Rooney’s initial work on this project led to
the preparation o f particles w ith diameters o f approximately 0.6 pm . The magnitude o f
scattering was significantly decreased over the range o f 400 to 800 nm due to the particles
small size. This work describes my efforts to increase the particle diameter and thus
improve the magnitude o f the optical signal.
There are two opposing effects o f increasing the particle diameter. The increase
in the particle diameter would increase the diffusion distance into the particle producing a
longer response time. On the other hand, using larger particles would mean less m aterial
would be required to cause swelling and this should give a faster response time. Also, the
larger particles discussed in chapter 6 have been prepared by seeded emulsion
polymerizations under conditions that produce more porous materials. The increase in
porosity w ill also lead to foster response times. Furthermore, the increase in porosity
allows m ore water uptake during swelling cycles. This results in a large decrease in the
refractive index o f the swollen microparticle.
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4.2 R esults and Discussion o f the F actorial Experim ent
The mean particle sizes for the formulations of the factorial study are shown in
Figure 4.1. The error bars represent ± one standard deviation for the particle size for
three replicate measurements. This plot shows how some o f the main factors influence
the particle size. The formulations prepared with low solvent polarity (even numbered
formulations, i.e. 2,4,6, etc.) produced larger particles than those with high solvent
polarity media, (odd numbered formulations). Table 3.1 shows the concentrations for all
formulations used in the factorial. It was observed that particles prepared using high
monomer concentrations were generally larger than particles prepared using lower
monomer concentrations (Formulations 1-8 high monomer, vs 9-16 low monomer). This
trend is more obvious when comparing the high and low monomer concentrations with
identical levels o f initiator, stabilizer, and solubility parameters, (Formulations 1 vs 9 ,2
vs 10, 3 vs 11 etc.).
The results o f the analysis o f variance (ANOVA) Table 4.1, verify the initial
observations and show that all o f the m ain effects and many o f the interacting effects are
statistically significant at the 95% confidence level. The mean squares (MS) are actual
variance estim ates and are used to calculate the F ratio. The MS Factor is the combined
variance estim ate o f the treatment and error variance. The MS Error estimates the error
variance alone. The ratio o f (MS Factor/MS Error) allows one to reject or retain the null
hypothesis. The Fcntkai value for this experiment is 4.18, which means if any F ratio is
larger than Foiticab the null hypothesis m ay be rejected. When fins situation is met, one
may conclude that the independent variable has affected the system. The P value
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Figure 4.1 Mean particle size and standard deviations o f formulations used to study the
effects o f variables on particle size.
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Table 4.1 Results o f Analysis o f Variance for Microsphere Particle Size.
Source

df

Monomer
(M) 1
Initiator
CD 1
Stabilizer
(S) 1
Solvent Polarity (SP) 1
M*I
1
M*S
1
M*SP
1
I*S
1
I*SP
1
S*SP
1
M*I*S
1
M*I*SP
1
M*S*SP
1
I*S*SP
1
M*I*S*SP
1
Error
32
Total
47

SS
39.640
4.368
3.707
59.719
14.214
0.827
24.739
5.964
2.117
8.085
12.938
14.040
1.340
8.910
14.127
15.896
230.631

MS

F

P

39.640
4.368
3.707
59.719
14.214
0.827
24.739
5.964
2.117
8.085
12.938
14.040
1.340
8.910
14.127
0.497

79.80
8.79
7.46
120.22
28.61
1.66
49.80
12.01
4.26
16.28
26.04
28.44
2.70
17.94
28.44

0.000
0.006
0.010
0.000
0.000
0.206
0.000
0.002
0.047
0.000
0.000
0.000
0.111
0.000
0.000

Where:

df
SS
MS
F
p
*
**

= degrees o f freedom
= Sum o f Squares
= Mean Squares
= F statistic (MS Factor)/(MS Error)
= probability of incorrectly rejecting null hypothesis
= Significant at 95% confidence level, Fcntfcai = 4.15, n =32
= Significant at 99% confidence level, Fcmkai = 7.50, n =32
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**
**
*
*♦
*♦
**
**
*
♦*
**
**
**
**

represents the probability o f incorrectly rejecting the null hypothesis.

4.2.1 Effects o f th e m ain variables on particle size
The factors with the largest effect on particle size are the solubility parameters o f
the dispersion m edia and the monomer concentration, Table 4.1. The average effects o f
the four factors are shown in Figure 4.2. Each point represents the average o f 8
formulations for the variables at each level.

4.2.1.1 The effect o f the solvency o f the dispersion medium on pa rticle size
The initial solvent polarity o f the dispersion medium has the largest effect on
particle size, Table 4.1. Particles prepared with a low solubility param eter produce the
largest particles, Figure 4.2. In this study, the average particle size decreased from
approximately 3 ju n at a low solvent polarity, to about 0.7 pm at high solvent polarity.
The 5 for the low level was set at 12 (cal/cm3) 172, which is closer to the 5 o f the resulting
polymer, poly(VBC’s) solubility parameter is equal to 9.4 (cal/cm3)I/2. The increased
solvency o f the continuous phase is proposed to cause the oligomers to grow to a longer
chain length before precipitating, thereby increasing the particle diameter. Conversely,
the high polarity dispersion medium, 15 (cal/cm3) 172, decreases the critical chain length
which decreases the particle size. Increasing the solvency reduces the ability o f the
stabilizer to effectively stabilize the nuclei. The effectiveness o f the stabilizer is reduced
because it is also m ore soluble in the dispersion medium. In fact, the solubility parameter
for PVP was calculated to be 12.2 (cal/cm3) 172. Because o f the reduced stabilization, the
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Figure 4.2 The average effect on particle size upon changing the level o f the main
variables. The points are average values o f the particles produced with
formulations containing either high or low levels o f a particular factor.
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nuclei can undergo extensive heterocoagulation. This will reduce the number o f nuclei
formed. These nuclei will continue to grow and eventually become stabilized to form
large mature particles.

4.2.1.2 The effect o f m onom er concentration on particle size
The factor with the second highest effect on particle size was the monomer concentration, Table 4.1. Formulations that used a high monomer concentration resulted
in the largest particles, Figure 4.1. The high monomer level led to particle diameters
around 2.7 pm, and the low level produced particles close to 0.9 pm. The monomer
concentration affects particle size in a few ways. The first is that the solvency o f the
dispersion medium is increased so that the oligomers grow to a longer length before
precipitating. This occurs because the monomer is a good solvent for the resulting
polymer. Second, more nuclei will form because o f the increased propagation rate o f the
oligomer chains. There can also be a decrease in the adsorption rate o f the stabilizer due
to the increase in the solvency o f the dispersion media.27 This will cause an increase in
heterocoagulation. All o f these effects produce particles o f increased size.

4.2.1.3 The effect o f initiator on particle size
The initiator’s effect on particle size is less dramatic than that o f the solvent
polarity or the monomer. The high initiator concentration produced larger particles than
the low level o f initiator. The average particle size at the high initiator level was 2.1 pm
and the low level was 1.5 pm . The increase in initiator concentration leads to an
increased rate o f free radical production, which results in particles having increased
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diameter with a corresponding low molecular weights* The higher rate o f free radical
production leads to faster monomer consumption, but also produces a shorter chain
length. This will increase the association o f oligomer chains, leading to larger particle
nuclei, therefore, a larger final particle diameter. Also, because o f the increased solubility
o f the oligomers, the nucleation stage is extended and particle size distribution will be
broadened.

4.2.L 4 The effect o f stabilizer concentration on particle size
The stabilizer concentration has the least significant effect on particle size at the
95% level, Table 4.1. I will be cautious in discussing the results o f the main effect for
this factor, because stabilizer concentration is not a significant factor at the 99%
confidence level for this study. Under the conditions o f the factorial experiment, the
increase in stabilizer concentration led to increased particle diameters, Figure 4.1. The
average particle size was 2.1 pm at the high level and 1.2 pm at the low level. These
results differ from other similar studies on stabilizer effects on particle size. Typically, a
decrease in particle size is observed with increasing levels o f stabilizer. The stabilizer’s
role is to prevent the newly formed particle from coagulating with other particles. An
increase in the concentration o f the stabilizer increases the continuous phases’ viscosity
and the rate o f physical adsorption, as well as the rate o f anchoring o f the PVP-g-VBC
graft co-polymer. All o f these effects lead to particles o f reduced diameters. As stated,
this result was not observed for the conditions listed in this factorial experiment A
systematic study exploring the effect o f stabilizer concentration on particle size is

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

described in section 4.4.8.

4.2.2 Interactions
The interactions o f the variables provide additional information on how these
factors can affect particle size. Various graphs o f the interactions will follow, along with
a description o f how they affect particle size.

4.2.2.1 M *I Interaction
The interaction between monomer concentration and initiator shows that the high
initiator level increases particle size to a greater extent at high monomer concentrations
than at low monomer concentrations, Figure 4.3. At high initiator concentrations, a
greater number o f nuclei will be produced compared to the low initiator levels. I f the
nuclei have a large amount o f monomer available, particle growth will be enhanced due
to the role o f increased monomer, as explained in the main factor interactions. A
surprising result occurred with the high initiator, low monomer formulations. The
average particle size was smaller than that for the low monomer, low initiator levels.
This is the opposite o f what was expected. One possible explanation is that a large
number o f nuclei were produced and with relatively low level o f monomer available for
growth, produced many particles, with sm aller diameters.
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Figure 4 J The effect o f the Monomer*Initiator interaction on particle size.
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Figure 4.4 The effect o f the Monomer*Solubility Parameter interaction on particle size.
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4.2.Z.2. M *SP Interaction
The interaction between monomer and solubility param eter shows that increasing
the monomer content increases particles size to a greater extent at a low solubility level
than at the high one, Figure 4.4. This follows the explanation o f both the monomer and
solubility parameter in the m ain factor interactions. Higher monomer levels produce
particles o f larger diameter regardless o f solubility parameter. Using a solubility
parameter that is closer to that o f the resulting polymer, (i.e. the low solubility parameter)
results in particles of increased size.

4.2.2.3 I*S Interaction
The interaction between the initiator and stabilizer shows that the particle size is
dramatically affected when using a high initiator level with a high stabilizer
concentration, Figure 4.S. It seems that the high level o f stabilizer dominates at low levels
o f initiator and high initiator levels dominate at high levels o f stabilizer. Very little
change in the particle size was noticed at the 8% stabilizer concentration. It was expected
that the low stabilizer level would produce larger particles for both levels o f initiator. It
is not entirely clear why the high stabilizer content produced the largest particles at the
high initiator level, although this is consistent with the results o f the main interactions for
this experim ent

4.2.2.4 I*SP Interaction
The interaction between the initiator and solvent polarity shows that higher
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Figure 4.5 The effect o f the Initiator*Stabilizer interaction on particle size.
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Figure 4.6 The effect o f the Initiator*Solubility Parameter interaction on particle size.
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initiator levels produce larger particles at both solubility parameters, and there is a greater
increase in particle size at the low solubility parameter, Figure 4.6. This can be explained
by the roles o f the main factors o f initiator and solvent polarity. At the high solubility
level, particles were smaller for both initiator levels. The increase in polarity leads to a
decrease in the critical chain length, which would lead to smaller particles. Increased
initiator concentration increases the radical concentration and thus produces more
oligomer chains. The increase in oligomer chains results in a longer nucleation period
which increases particle size. When this is coupled with a low solubility parameter, the
solvency o f the medium is enhanced and the oligomers are kept in solution longer.
Thisincreases homo and heterocoagulation and results in the largest particles formed.

4.2.2.S S*SPInteraction
The interaction between the stabilizer and solubility parameter shows that the low
solubility parameter media produced larger particles for both levels o f stabilizer
compared to the high solubility parameter, Figure 4.7. The low stabilizer concentration is
not as affected by solubility changes as the high stabilizer concentration. It is not totally
understood why the high stabilizer concentration produced the larger particles at the low
solubility parameter. The effectiveness o f the stabilizer seems to be decreased at the low
solubility parameter. A t the low solubility parameter, the stabilizer is either not as
effective at grafting, or it is more soluble in the dispersion media and not being absorbed
on the particle surface, or both. However, a decrease in particle size w ith
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Figure 4.7 The effect o f the Stabilizer* Solubility Param eter interaction on particle size.
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Increasing levels o f stabilizer can be explained, for the high solvent polarity. An increase
in stabilizer leads to an increase in the absorption rate and an increase in the viscosity o f
the continuous phase, which leads to a decrease in particle size. It could be that in the
high solubility parameter medium, PVP is absorbed by the particle surface to a greater
extent than at low solubility parameters.

4.2.2.6 M *t*S Interaction on p a rticle size
I will not discuss the general trends again, but I will m ention some o f the
exceptions. Sm aller particles were produced when using the high monomer
concentrations at high levels o f stabilizer and low levels o f initiator, Figure 4.8a and 4.8b.
In all other cases, the high monomer level produced larger particles than the low
monomer level.
The initiator and stabilizer interaction produced interesting results at both
monomer concentration levels. The high levels o f monomer, initiator, and stabilizer
produced the largest particles. However, at the low monomer, low initiator, high
stabilizer levels produced the largest particles. The low stabilizer concentration affected
particle size less than the high level, at both monomer concentrations.

4.2.2.7 M *I*SP Interaction
Figures 4.9a and 4.9b show that the interaction between the Initiator*Monomer is
observed at the low solubility parameter. It is not clearly understood why the
combination o f low monomer, high initiator, and low solubility param eter produced
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size.
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Figure 4.8b The effect o f 5% Monomer*Initiator*Stabilizer interaction on particle size.
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Figure 4.9a The effect o f Initiator*Monomer*Solubility Parameter interaction on
particle size using a dispersion media with a high solubility parameter.
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Figure 4.9b The effect o f Initiator*Monomer*Solubility Parameter interaction on
particle size using a dispersion m edia with a low solubility parameter.
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F igure 4.10a The effect o f Initiator*Stabilizer*Solubility Parameter interaction on
particle size using a dispersion medium with a high so lu b ility parameter.
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particle size using a dispersion medium with a low solubility param eter.
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sm aller particles than die low initiator formulation. This interaction is not observed in
highly polar media, Figure 4.9a. As mentioned before w ith respect to the M*I interaction,
perhaps a greater number o f nuclei are produced and stabilized, but not enough monomer
is available to increase the overall particle diameter.

4.2.2.8 SP*I*S
Particles prepared at the low solubility parameter produced larger particles for all
cases. It is interesting to note that at the low so lu b ility parameter, the high stabilizer level
produces similar results as in the high monomer concentration; compare Figures 4.8a and
4 .10b. The interactions o f the initiator and stabilizer at the high solubility parameters are
what should be expected. The larger particles are prepared from formulations that have
higher initiator levels and low er stabilizer levels. Another interesting note is that the
effectiveness o f the stabilizer seems to be reduced at low solubility parameters. This is
more evident in the four way interaction plots.

4.2.2.9 M*I*S*SP Interaction on particle size
The four way interaction provides some addition information that some o f the
main effects and lesser interactions do not provide. Each point on these graphs represents
one formulation. Figures 4. lla -4 . lid show the interaction o f the four factors. There are
a few points o f interest that I would like to mention. Figures 4.1 Ic and 4.1 Id are the
most difficult to interpret It is not entirely clear why the particles prepared with
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Figure 4.11a The effect o f the four factor interaction on particle size at the high
monomer and initiator levels.
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Figure 4.11b The effect o f the four factor interaction on particle size at the low
monomer and low initiator levels.
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Figure 4.11c The effect o f the four factor interaction on particle size at the high
monomer and low initiator levels.
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Figure 4.11d The effect o f the four way interaction on particle size at the low monomer,
high initiator levels.
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a high solubility parameter produced larger particles than that o f the low solubility
param eter dispersion medium, Figure 4.1 Id. But, the absolute difference between the
particle size was small, only 0 .1 pm , ± 10%. The other interesting result can be seen in
Figure 4.11c. In this formulation, the high stabilizer concentration provides the smallest
particles at the low and high solubility parameters. Also, these plots show that the high
level o f stabilizer produces the smallest particles at the high solubility param eters. This
provides more evidence suggesting that the effectiveness o f the stabilizer is dependent on
the solubility parameter o f the dispersion medium.

4.3 Conclusions o f the F actorial Experim ent
There are a variety o f factors that affect particle size in dispersion polymerization.
The most important factors are the solvency o f the dispersion medium and the monomer
concentration. Increased monomer levels and decreased solubility param eters o f the
dispersion medium led to larger particles. The effect o f the initiator and stabilizer are
also significant, but to a m uch lesser extent than the other factors. In fact, the stabilizer is
only significant at the 95% confidence level, whereas the other factors are significant at
the 99% level. An increase in initiator and stabilizer levels produced larger microspheres.
There were many interactions between the factors that were significant at the 99%
confidence level. The largest effect came from interactions that included the monomer
and the solubility parameter. The most interesting interaction came from the stabilizer
and solubility parameter. High stabilizer levels are m ore effective in high solubility
param eter dispersion media.
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A great deal o f information on the variables that affect particle size in dispersion
polymerization has been gained from this experiment. Because o f the complex nature o f
the interactions, systematic studies have been conducted to delineate the effects o f some
o f these factors. The systematic studies were employed so that desired particle diameter
and distribution o f size could be optimized for a variety o f monomers that would be used
as chemical sensing elements for our sensor.
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4.4 R esults and Discussion on the system atic studies o f dispersion polym erization
4.4.1 The effect o f particle size and distribution o f particles prepared in various
alcohol m edia.

Poly(VBC) particles were successfully prepared by dispersion polymerization
using the following solvents: methanol, ethanol, 2-propanol, 1-butanol, and 1-decanol. A
series o f alcohols were studied showing the increase in particle diameter as the solubility
parameter o f the solvent becomes closer to that o f the resulting polymer. Table 4.2
contains the results and Figure 4.12 contains selected SEM’s from this experiment The
solubility parameter for poly(VBC) is 9.4(cal/cm3) I/2. An increase in diameter results
when the dispersion medium is changed from 1-decanol, 5 = 14.2 (cal/cm3) 172, to 1butanol 5 = 1l.l(cal/cm 3) l/2. The particle diameter increased from 0.60 pm in 1-decanol,
to 1.42 pm in 1-butanol. All reactions produced uniform particles with methanol being
the exception. These particles may be considered monodisperse, because their relative
standard deviations are less than 10%.32 With the exception o f the methanol case, these
results are consistent with literature results for dispersion polymerization o f styrene.30,34
Therefore, poly(VBC) microparticles increase in diameter when the solubility parameter
o f the dispersion medium is closer to that o f the solubility parameter o f the resulting
polymer.

4.4.2 The effect o f particle size using alcohol/alcohol m ixtures
To fine tune particle size and distribution, the idea o f using mixed alcohol media
for the dispersion polymerization was investigated. Ethanol was chosen as the primary
solvent because it produced particles around 1 pm with a narrow size distribution. The
90
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Table 4.2 Particle size and distribution o f particles prepared in various alcohol media.
Diameter Qim)
Solvent*

Solubility parameter
5i (cal/cm3) 172

Average

r.s.d.%

1-Decanol

142

0.60

5.3

Methanol

13.9

0.95

26.3

Ethanol

12.3

0.99

3.7

2-Propanol

11.2

1.05

7.1

1-Butanol

11.1

1.42

6.5

* All reactions polymerized at 70 C for 6 hours, 15% VBC (volVvol.), PVP:VBC
20% (wt./wt.), AJBN'.VBC 2% (wt/wt.).
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(a) 1-Decanol

r

'■

(b) 2-Propanol

(c) 1-Butanol

Figure 4.12 Scanning Electron Micrographs ofV B C dispersion polymerizations in
various alcohol media.
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co-solvents chosen had solubility parameters that were greater and less than that of
ethanol. The solubility parameter for ethanol is 12.7 (cal/cm3) 172; methanol and decanol
have solubility parameters o f 14.5 (cal/cm3) 172, and 14.9 (cal/cm3)I/2, respectively. Both o f
these solvents are poor solvents for the resulting polymer, and when incorporated in the
formulation, should lead to small particle sizes. Conversely, 2-propanol and 1-butanol
have solubility parameters o f 11.5 (cal/cm3) 1/2, and 11.4 (cal/cm3) 172, respectively. They
have solubility parameters closer to that o f poly(VBC), which should lead to particles o f
increased diameter when they are used as co-solvents. The results are listed in Table 4.3.
Based solely on the solubility parameters o f the dispersion medium, we should see
an increase in diameter when increasing the co-solvents 2-propanol and 1-butanol; but
this was not the case for 2-propanol in this experiment The diameters are essentially the
same at 0.73 pm to 0.71 pm when changing the percentage o f 2-propanol from 5 to 20%;
and, both products afforded particles with narrow size distributions. The particle
diameter 0.43 pm , was the smallest at the 10% 2-propanol level, but it is not clearly
understood why this occurred.
As the percentage o f 1-butanol increased, from 5, 10, to 20% the particle
diameters increased from 0.70 pm , 0.78 pm to 1.44 pm . There were no formulations that
yielded monodisperse samples, but the 5% and 10% 1-butanol reactions produced
particles with r.s.d.’s of 12.0% and 13.2%. The 20% 1-butanol particles were highly
polydisperse with a r.s.d. o f 41.7%.
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Table 4.3 Particle size and distribution o f particles in various alcohol mixtures.
Diameter (jim)
Solvent Concentration
Solubility parameter
5i (cal/cm3) 172
r.s.d.%
(vol.%) *
Average

Methanol
5
10
20

12.7
12.7
12.9

0.44
0.74
0.54

15.9
26.8
35.8

1-Decanol
5
10
20

12.7
12.8
13.0

0.66
0.85
0.91

10.2
5.1
21.5

Ethanol
90
85
75

2-Propanol
5
10
20

12.5
12.44
12.32

0.73
0.43
0.71

9.2
13.4
7.3

Ethanol
90
85
75

1-Butanol
5
10
20

12.5
12.4
12.30

0.70
0.78
1.44

12.0
13.2
41.7

Ethanol
90
85
75
Ethanol
90
85
75

* All reactions at 70° C, 5% VBC (vol./vol.), PVP:VBC 20% (wt/wL), AIBN: VBC
2% (w t/w t.).
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Since the solubility parameters for methanol and 1-decanol are larger than that o f
ethanol, they are a poor VBC solvent A decrease in diameter was expected to
accompany an increase in these co-solvents. This was not the case for either cosolvent
An increase in diameter was obtained when the co-solvent percentages increased. When
methanol was used as a co-solvent no obvious trend was noticed. The particle size
increased from 0.44 |im to 0.74 pm , with a change in methanol concentration from 5 to
10%. At 20% methanol, the particle size was 0.54 pm . None o f these formulations
produced uniform particles; they all had r.s.d.’s o f 15% or higher.
The 1-decanol series did produce a trend, but it was opposite o f what was
predicted. Based solely on solubility parameters, the particle size is expected to decrease
when the solubility param eter o f the co-solvent is higher than that o f the resulting
polymer. This clearly did not happen when using 1-decanol as the dispersion medium.
The particles increased in diameter from 0.66 pm , to 0.85 Jim to 0.91 pm using 5, 10, and
20% 1- decanol, respectively. The reaction using 10% 1-decanol was the only one that
produced monodisperse beads. The formulation using 5% 1-decanol did have a narrow
size range as well with a r.s.d. o f 10.2%.
It is not entirely clear why there is so much variation in these results. It is clear
that the solubility param eter is not the only variable contributing to the change in
diam eterof the particles. This confirms earlier results o f the factorial experiment.
Another point worth noting is that formulations with sim ilar solubility parameters do not
necessarily yield products o f the same diameters. For example, the solubility parameters
o f the formulations using 5% methanol and 5% 1-decanol both have values o f 12.6
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(cal/cm3) |/2, but they led to particle diameters o f 0.44 |im and 0.66 pm , respectively. The
solubility parameters o f 5% 2-propanol and 5% 1-butanol both have calculated values of
12.5 (cal/cm3) ,/2. They produced particles with diameters o f 0.73 pm and 0.70 pm , which
are much closer together. The trend o f increasing particle diameter w ith increasing
solvency o f the dispersion medium is usually observed within a given solvent system.
However, particle diameter is not solely dependent on the solubility param eter itself.

4.4.3 P article size effects using aqueous alcohol m edia
Particles were successfully prepared using aqueous alcohol mixtures as the
dispersion medium for the polymerization o f VBC. The results are presented in Table
4.4. W ater is a poorer solvent for VBC than the alcohols, so an increase in water content
is expected to produce particles with smaller diameters.
As the concentration o f water increased from 5, 10, to 20% the diameters
decreased from 0.54 pm, 0.33 pm , to 0.26 pm for the aqueous methanol system. A
similar decrease in diameter was noted for the aqueous ethanol system. The particle
diameter decreased from 0.45 pm to 0.26 pm, using 5 and 10% water in the formulation.
When the w ater percentage was increased to 20%, a coagulated product was produced.
The unstable latex was probably produced because o f insufficient stabilization by the
steric stabilizer. The high solvent polarity o f the medium may have precipitated the
polymer particles out o f solution before they were effectively stabilized. The largest
relative change came from the propanol series. A 63% decrease in diameter was
observed when the water percentage was increased from 5 to 20%. The particle diameters
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decreased from 1.15 (im, 0.64 fim, to 0.43 pm when 5, 10, and 20% water was used in
these polymerizations. There were only two formulations that produced monodisperse
particles. The 10% water 85% ethanol mixture produced particles at 0.22 |im with a r.s.d.
o f 7.0%, and the 5% water 90 % propanol mixture produced 1.15 pm particles with a
r.s.d. o f 5.2%. The water methanol series produced highly polydisperse particles, with
r.s.d.’s ranging from 24.2 to 53.1%. The 5 and 10% water ethanol series also produced
polydisperse particles. The 5% water propanol formulation produced the only uniform
particles in this group. The formulations with 10 and 20% water produced polydisperse
products w ith r.s.d.’s o f 32.3 % and 19.1%, respectively.
This experiment demonstrates the ability to decrease the poly(VBC) particle size
by the addition o f a poor solvent for the resulting polymer. This can be explained by the
effect o f the solvency o f the dispersion media on the “critical” chain length for
precipitation o f the particles. The addition o f a poor solvent will decrease the critical
chain length, therefore, producing particles of reduced size. These results are consistent
with similar studies on styrene32,34 and methyl methacrylate,28 and the results from the
factorial experim ent
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Table 4.4 Particle size and distribution o f particles prepared in aqueous alcohol media.
Diameter (pm)
Aqueous Alcohol
(vol. %)

Solubility parameter
8i (cal/cm3) 172

Water : Methanol
90
5
85
10
75
20

14.9
15.4
16.5

Water : Ethanol
95
0
90
5
85
10
75
20

12.6
13.3
14.0
15.3

W ater: Propanol
90
5
85
10
75
20

12.3
13.1
14.6

Average

r.s.d.%

0.54
0.33
0.26

36.6
53.1
24.2

0.58
18.2
0.45
16.6
0.22
7.0
Coagulated product

1.15
0.64
0.43

5.2
32.3
19.1

* All reactions at 70° C for 6 hours, 5% VBC (vol/vol.), PVP:VBC 20% (w t/w t),
AIBN: VBC 2% (wt/wt.).
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4.4.4 VBCp article size effects in various nonpolar media
A series o f experiments were conducted to investigate the effect o f various co
solvents on poly(VBC) particle diameters and size distributions. The co-solvents
employed were 2-methoxyethanol, 5 = 11.4 (cal/cm3) 1'2; Toluene, 5 = 8.9(cal/cm3) 1,2;
DMSO, 5 = 12.0(cal/cm3),/2; THF, 5 = 9.1(cal/cm3) 1/2. These solvents w ere used in
combination with ethanol as the dispersion media for the polymerization o f VBC. O f the
co-solvents studied, these were some o f the most non-polar, or the strongest swelling
solvents for VBC. The results from this experiment can be found in Table 4.5.
The largest relative change in diam eter occurred with THF as the co-solvent
Changing the concentration from 5 to 20% increased the mean particle diam eter from
1.0 Jim to 4.7 Jim. The increase in size was accompanied by an increase in the r.s.d. of
the diameter from 5.4% to 54.2%, respectively. The 2-methoxyethanol produced
particles with diameters from 0.29 Jim to 0.79 pm with r.s.<L’s o f 8.6% and 6.4%,
respectively. The increase from 5 to 20% co-solvent caused the particle diameter to
increase by a factor o f 2.7. This was the second greatest relative increase, next to the
THF co-solvent which caused a 4.7 tim es increase for the same co-solvent percentages.
Increased percentages o f VBC and 2-methoxyethanol produced larger but more
polydisperse particles. Using 30% monomer, and 30 and 40% co-solvent, particle sizes
increased to 3.89 Jim and 2.97 pm with relative standard deviations o f 77 and 31%,
respectively.
The sm allest relative change in diameter came from using the co-solvent toluene.
Increasing the toluene percentage from 5 to 20% increased the diam eter from 0.87 pm to
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Table 4.5 Particle size and distribution o f particles in other media.
Diameter (pm)
Solvent Concentration
(vol.%) *

Solubility parameter
8j (cal/cm3) ,/2

Average

r.s.d.%

Ethanol
80
75
65
40
30

Methoxyethanol
5
10
20
30
40

12Jo
12.lj
12.0
10.8*
10.7*

0.29
0.42
0.79
3.89
2.97

8.6
27.1
6.4
77.4
31.4

Ethanol
80
75
65

Toluene
5
10
20

12.1
11.9
11.6

0.87
0.87
1.01

59.1
13.6
47.4

Ethanol
80
75
65

DMSO
5
10
20

12.2Z
12.19
12.12

5.4
1.28
13.3
1.69
Soluble product

Ethanol
80
75
65

THF
5
10
20

12.1
11.9
11.6

1.00
0.92
4.70

5.4
25.5
54.2

* Polymerizations at 70 C for 6 hours, 15% VBC (volVvoL), PVP:VBC 20% (w t/w t.),
AIBN: VBC 2% (w t/w t). *30%VBC (volVvol.)
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1.01 pm and produced r.s.d.’s o f 59.1% and 47.4%, respectively. An interesting note is
that the 10% toluene formulation produced particles o f the same diameter as the 5%
system, but the r.s.d.% was 13.6%, about 4.5 times smaller. All particles produced using
toluene as the co-solvent were polydisperse.
The co-solvent DMSO yielded results which were the most interesting for this
series. It produced particles that were relatively large and uniform. In fact, the 5%
system produced particles with an average diameter o f 1.28 pm and a r.s.d o f 5.4%.
These w ere the most uniform particles produced in this set o f experiments. The 10%
formulation created microspheres with 1.69 pm diameter and a r.s.d. o f 13.3%. The 20%
system did not produce any particles, for the given conditions. DMSO is the most polar
solvent in the group (8 = 12.0), and based solely on solubility parameters, the DMSO
series should have produced the sm allest particles. The was not the case, in fact, it
produced the largest particles. It is not totally understood why this occurred These
inconsistencies demonstrate that the final diameter o f the particle is not dependent on the
solubility parameter alone.
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4.4.5 Effect o f VBC monomer concentration on particle size and distribution
An increase in monomer concentration usually leads to an increase in the diameter
o f the microparticles. This characteristic has been observed in both polar and nonpolar
solvents.25 The increased monomer concentration increases the solvency o f the
continuous phase, so that oligomers grow to a longer chain length before
precipitation.27,59 The monomers are essentially acting like a good solvent for the
resulting polymer. The monomers role in the polymerization is complicated because it is
part o f the solvent system. As the monomer is consumed, there is a distinct change in the
polarity of the medium, due to the decrease in the monomer. This shift in polarity may
affect the nucleation o f particles and the efficiency o f the stabilizer.25
Six monomer concentrations were investigated and the particle size, distribution,
and percent recovery o f the reaction were monitored. The monomer concentrations
varied from 5 to 40% by volume. The results are shown in Table 4.6 and Figure 4.13
shows selected SEM’s from this experim ent The increase in VBC monomer
concentration from 5% to 40% increased the average diameter by 10 fold, from 0.27 Jim
to 2.67 pm. The recovery o f the microparticles increased from 4.2% to 48.8% over this
range. The 15%, 20%, and 25% monomer concentrations all produced monodisperse
products with r.s.d.*s below 5.0%. The 5%, 10%, and 40% monomer concentrations
produced narrow, but not uniform, distributions o f 19.1, 14.2 and 14.8 % r.s.d.,
respectively.
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(a) 15% VBC Monomer

(b) 20% VBC Monomer

(c) 25% VBC M onomer

(d) 40% VBC M onomer

Figure 4.13 Scanning Electron Micrographs o f VBC dispersion polymerizations at
various monomer concentrations.
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Table 4.6 Effect VBC monomer concentration on particle size and % recovery.
Particle Size (pm )
Monomer concentration % % Recovery
(vol/vol)*
Average
r.s.d.%

5

42

027

19.1

10

5.5

0.42

14.2

15

19.6

0.99

3.7

20

36.7

1.31

4.6

25

40.5

1.42

3.8

40

48.8

2.67

14.8

* All reactions at 70° C for 6 hours, AIBN:VBC 2% (w t/w t), PVPrVBC 20% (w t/w t)
in ethanol.
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The effect o f monomer concentration on percent recovery can also be found in
Table 4.6. The increase in monomer concentration from 5% to 40% increased the
recovery from 4.2% to 48.8%. Its not known with certainty why the recovery has
increased over this range. It can only be speculated that the increase in monomer
concentration has increased the rate o f polymerization, which will increase the percent
conversion o f the polymer for a given time period.

4.4.6. E ffect o f tem perature on VBCparticle size and distribution
Experimental evidence has shown an increase in particle size with an increase in
the temperature.25,35 An increase in the temperature leads to the following changes in the
system. A temperature increase enhances in the solubility o f the oligomer chains, which
leads to a longer “critical chain length”. It also increases rate o f decomposition o f the
initiator, which leads to an increase in the concentrations o f the precipitated chains. An
increase in the temperature will increase the propagation rate o f the polymer, which will
lead to an increase rate o f growth o f the polymer. Increasing the temperature will
decrease the viscosity o f the dispersion medium, which will enhance the extent o f
aggregation o f the unstable nuclei. The temperature increase will decrease the efficiency
o f the stabilizer. It will decrease the rate o f adsorption and grafting o f the PVP due to the
increased solubility o f PVP and the decrease in length o f the PVP-g-VBC segments.
Experiments studying the effect o f temperature on the particles’ molecular weight have
shown that molecular weight steadily decreases as the temperature increases.58 A ll o f
theses changes tend to produce an increase in particle size.
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A few experiments were designed to investigate the effects o f the reaction
temperature on the particle diameter and distribution of the VBC microparticles. The
concentrations o f monomer, initiator, solvent, and polymerization tim e remained constant
Tabie 4.7. contains the results and Figure 4.14 shows the SEM’s for this experiment The
results o f this experiment correlate well with other studies o f the temperature effects on
polystyrene58 and methyl methacrylate.28 The particle size increases from 0.49 pm to
0.87 pm to 1.28 pm for the reaction temperatures, 70° C, 75° C, and 80° C. The
distribution in size has also increased from 4.6, to 8.3, to 20.5% r.s.d. for 70° C, 75° C,
and 80° C respectively. It is interesting to note that the lower temperatures 70° C and
75° C produced monodisperse particles.

4.4.7 E ffect o f initiator concentration on VBC particle size and distribution
The effects o f initiator concentration on dispersion polymerization have not been
widely described in the literature, but typically it has been observed that an increase in
particle diameter is observed with increased initiator concentration.58 This statement
suggests that the number o f stable nuclei produced is decreased. The increased initiator
concentration increases the number o f oligomers formed, thus more nuclei. These
oligomers typically have a shorter chain length, which means their solubility is increased.
The extent o f aggregation o f the nuclei is enhanced, producing fewer, but larger final
particles. Because o f the increased solubility o f the oligomers, the nucleation stage is
extended and particle size distribution will be broadened.35
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(b) 75° C

Figure 4.14

Scanning Election Micrographs o f VBC dispersion polymerizations at
70° C, 75° C, and 80° C.
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Table 4.7 Effect o f te m p eratu re on particle size and distribution o f particles.
Particle Size (pm )
Reaction Temperature*
(°C)

Average

r.s.d.%

70

0.49

4.6

75

0.87

8.3

80

1.28

20.5

* All reactions at 10% VBC (vol/vol.), AIBNrVBC 2% (w t/w t), 90% Ethanol
(volVvol.), PVPrVBC 20% (w t/w t), for 6 hours.

Table 4.8 Effect o f initiator concentration on particle size and distribution o f particles.
Particle Size (pm)
Initiator concentration *
(W t/W t % o f monomer)

Average

r.s.d.%

2

0.90

5.0

4

1.18

17.7

8

1.21

3.8

12

1.95

14.9

* All reactions at 70° C for 6 hours, 10% VBC (volVvol.), PVPrVBC 20% (w t/w t),
90% Ethanol (volVvol.).
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In order to exam ine the effect o f initiator concentration on poly(VBC) particle
size, a series o f experiments were run at 70 °C with 2 to 12% (w t/w t. o f monomer)
AH3N. The reactions were run for 6 hours and all other variables were held constant.
The results can be found in Table 4.8 and Figure 4.15 contains the SEM 's for this
experim ent An increase in diameter is noted throughout the series. Typically, there is an
increase in the polydispersity o f the particles as initiator levels are increased.27' 58"59 This
is due to the increased rate o f oligomer radical formation. These radicals lead to larger
particles because o f the enhanced aggregation o f the low molecular weight oligomers. If
the absorption and grafting rates o f the stabilizer are slower than the production rate o f
oligomers, then particles o f various sizes could result This was not the case for this set
o f experiments. Two formulations produced monodisperse particles. The 2 and 4%
initiator formulations produced particles o f 0.9 and 1.21 pm diameters with r.s.d.’s o f less
than 5%. The 4% and 12% initiator levels produced more polydisperse products, r.s.d.’s
o f 17.7 and 14.9%, respectively.

4.4.8 E ffect o f m olecular weight and concentration o f stabilizer on dispersion
polym erization o f VBC
The stabilizer's role in dispersion polymerization is to provide colloidal stability
to the microparticle by forming a protective layer o f material on every particle surface.
To be an effective stabilizer, the material is usually amphipathic, {i.e. contain both an
anchor segment and a soluble segment). The anchor segment has an affinity for the final
particle surface, while the soluble segment is dissolved in the continuous phase.25
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a) 2% Initiator

b) 4% Initiator

c) 8% In itiato r

d) 12% Initiator

F igure 4.15 Scanning Electron Micrographs o f VBC dispersion polymerizations at
various (w t % o f monomer) initiator concentrations.
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Stabilizers generally fall into one o f three classes: homopolymers, block and graft
copolymers and macropolymers. The block and graft polymers are amphipathic and the
macropolymers are able to polymerize w ith the monomer, and essentially become a graft
copolymer. The homopolymers typically form grafts via chain transfer from growing
oligomers to the stabilizer producing a graft copolymer. It has been reported that the
increase in stabilizer content decreases the particle size for systems employing
polyvinylpyrrolidone (PVP) as the stabilizer for the monomers o f styrene25 and methyl
methacrylate. This suggests that the num ber o f nuclei formed increases. The increase in
stabilizer concentration has three effects: a) it will increase the amount o f stabilizer
adsorbed to the nuclei, b) it will increase the rate o f monomer grafting to the stabilizer, c)
the dispersion medium viscosity will also increase, which will reduce the rate o f diffusion
o f the nuclei into stabilized particles. All o f these effects lead to sm aller particles.35
A series o f experiments was run to examine die effect o f stabilizer concentration
on VBC dispersion polymerizations. All experiments were carried out at 70° C for 6
hours in ethanol. The monomer concentration was 10% by volume, initiator
concentration was 2 wt.% based on the monomer, and the concentration o f stabilizer
varied from 5 to 25 wt.% o f the monomer. Three molecular weights o f PVP were
investigated: 10K, 40K, and 360K.
The results from this experiment are shown graphically in Figure 4.16 and are
listed in Table 4.9. The results are consistent with other work on this subject25 There is
a decrease in particle diameter with increasing PVP concentration for a given molecular
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Figure 4.10 Effect o f molecular weight and concentration o f PVP stabilizer on VBC
particle size.

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

weight o f PVP. The particle size decreased from 1.9 pm to 1.3 pm to 0.85 pm with
increasing 10K molecular weight PVP concentration's from 5 to 15 to 25%. Typically,
the lowest concentration o f PVP produces the largest particles. However, the lowest
concentration is usually the least effective stabilizer, producing a broader distribution o f
particle diameters. The 5% PVP concentration produced the most polydisperse diameters
with a r.s.d. o f 48.2%. However, the highest concentration, 25% PVP, produced the
second highest r.s.d at 26.1% and the 15% PVP concentration produced uniform particles
with a r.s.<L o f 3.4%.
The 44 K PVP stabilizer also showed the same trend o f decreasing particle size
with increasing stabilizer concentration. The particles size decreased from 1.1 pm to 0.89
pm to 0.80 pm from 5 to 15 to 25 % stabilizer. Again, the most polydisperse particles
came from the lowest concentration o f stabilizer. The 15 and 25% concentrations
produced uniform particles with r.s.d.’s o f 3.7 and 7.2%, respectively.
The 360 K PVP stabilizer produced sim ilar particle size results. The particle
diameter decreased from 0.83 pm at 5% stabilizer to 0.69 pm at 15% PVP to 0.47 pm
PVP at 25% PVP. The distribution o f particle size was opposite o f what was expected.
The largest distribution in particle size came from the highest concentration o f stabilizer,
and the smallest r.s.d. came from the lowest concentration o f PVP. The relative standard
deviation ranged from 14.7% at 5% PVP to 19.9% at 15% to 30.2 % at 25% PVP.
The 10 K PVP stabilizer produced the largest particles for a given percentage o f PVP. On
average, the diameter o f particles prepared with the I OK stabilizer was two times larger
than the diameter o f particles prepared with the 360K stabilizer. The 44K PVP
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Table 4.9 Effect o f molecular weight o f stabilizer on particle size and distribution o f
Particle Size (pm)
Stabilizer concentration*
(W tVW t % o f monomer)

Average

r.s.d.%

M olecular W t o f PVP 10,000
5

1.9

48 2

15

1.3

3.4

25

0.85

26.1

M olecular W t o f PVP 44,000
5

l.l

15.7

15

0.89

3.7

25

0.80

7.2

5

0.83

14.7

15

0.69

19.9

25

0.47

303

M olecular Wt. o f PVP 360,000

* All reactions at 70 °C for 6 hours, 10% VBC (vol/vol.), AIBN:VBC 2% (w t/w t.),
90%ethanol (vol/vol.).
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stabilizer produced the second largest particles for a given percentage and the 360K
stabilizer produced the smallest particles at all concentrations.
This experiment showed that not only the concentration, but also the m olecular
weight o f the stabilizer plays a role in the final particle diameter. The smallest particles
were produced with the highest percentage o f stabilizer for a given molecular weight.
The smallest particles were also produced with the highest molecular weight stabilizer at
all percentages.

4.4.9 The effect o f crosslinking on p article size and morphology
The effect o f crosslinking density on dispersion polymerized microparticles is o f
great importance for our research. The desired product is one that has enough
crosslinking to be successfully derivatized, (i.e. without being dissolved in solvents used
for the derivatization) and not so highly crosslinked that the swelling capacity o f the
beads would be reduced. Also, the derivatized crosslinked particles should be uniform in
size and shape to ensure reproducible swelling and shrinking cycles.
There has been relatively little attention given to the preparation of crosslinked
polymers by dispersion polymerization.60 Tseng27 observed that successful
polymerizations using 0.3% DVB were possible but at 0.6% irregular shaped particles
formed when styrene was polymerized in ethanol with azo type initiators and PVP along
with costabilizers. DVB levels above 0.6% produced large amounts o f coagulation.
The high levels o f coagulation can be attributed to failure o f the graft copolymer.
At high DVB levels, die chance o f DVB grafting onto the VBC-PVP are greater. This
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binds the PVP chains to the bulk polymer so that their mobility is restricted and they are
less able to impart colloidal stability.60
The effect o f crosslinking on particle size is not clear. DVB will increase the rate
o f monomer consumption initially, which will decrease the nucleation period. Usually a
faster nucleation period leads to larger particles, but at higher crosslinker concentrations,
a decrease in diameter may be observed due to an increased particle density.60
A series o f reactions was carried out to examine the effect o f crosslinking on
particle size and morphology. All reactions were performed at 70° C for 6 hours using
10% by volume VBC, 20 wt.% based on monomer PVP, M.W. 40,000, and 2 wt.% based
on monomer AIBN. The crosslinking levels varied from 1 to 10 mol%. Table 4.10
contains the results and Figure 4.17 displays the SEM’s from this experim ent
The morphology o f the particles changed as the DVB concentrations increased.
The smoothest particles were produced at low levels o f DVB. At higher concentrations
o f DVB rough surfaces were observed. This is consistent with other work.27 There are
no obvious trends in particle diameters. The smallest particles, 0.38 pm were produced at
the 1% and 4% DVB level, and the largest 1.3pm, were prepared with 2 % DVB. Both
o f the 1% and 2% beads possessed a narrow size distribution with less than 7 % r.s.d..
The 4% and 10% formulations produced polydisperse products with 12.9 and 19.7%
r.s.d.’s, respectively. The 8% formulation also produced uniform particles with a
diameter o f 0.78 pm and a r.s.d. o f 9.7%.
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(a) 1% DVB

(b) 2% DVB

(c) 4% DVB

(d) 10% DVB

Figure 4.17 Scanning Electron Micrographs o f VBC dispersion polymerizations utilizing
1,2,4, and 10% DVB as the crosslinker.
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Particle Size fyim)
X linking % (mol/mol)*
Average

r.s.d.%

1

0.38

7.0

2

131

6.7

4

0.38

12.9

8

0.77

9.7

10

0.45

19.7

* All reactions at 70° C for 6 hours, 10% VBC (voL/vol.), AIBNrVBC 2% (w t/w t),
90% ethanol (voUvol.), PVPrVBC 20% (w t/w t).
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4.4.10. The effect o f VBC-TCPA particle size and distribution in various alcohol
m edia
The VBC-TCPA polymer system was studied to improve the response tim e o f our
polymers used in the chemical sensor. VBC is co-polymerized with 2,4,5Trichlorophenylacrylate, (TCPA) and crosslinked with 2% DVB. The polymerization o f
VBC and TCPA was investigated for two reasons, to increase the hydrophilicity and
porosity o f these polymeric materials. One disadvantage o f dispersion polymerization is
that it does not produce porous materials. The incorporation o f TCPA with VBC will
make the final derivatized product more porous and hydrophilic than derivatized
poly(VBC). The VBC-TCPA co-polymer approach is based on Arshady’s work with
styrene and TCPA co-polymers.61-63 The increase in porosity and hydrophilicity will
enhance the rate o f diffusion into the polymer, therefore decreasing the response time. To
ensure a large and reproducible signal, it is desired to prepare uniform particles. The goal
o f these studies was to prepare VBC-TCPA particles larger than 1 pm , for potential use in
our sensor.
The co-polymerization o f VBC-TCPA microspheres was successfully
accomplished by dispersion polymerization using a series o f alcohols as the dispersion
media. A 1:1 mol ratio o f VBC:TCPA was used in all polymerization. This
polymerization is interesting because the solubility parameters for these two monomers
are relatively large. The solubility parameters for TCPA and VBC are 11.7 (cal/cm3) I/2
and 10.9 (cal/cm3) 1/2, respectively. If particle size were solely affected by solubility, the
solvents with solubility parameters between 10.9-11.7 will have little effect on the size o f
the particles. The solvents in this range would be a good solvent for one monomer but
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not as good a solvent for the other. For example, a solvent with a solubility parameter o f
11.4, would be less polar than TCPA and more polar than VBC. As a consequence, the
TCPA could be solvated to a greater extent than the VBC, and the VBC might tend to
precipitate out o f the dispersion media faster than the TCPA. In this experiment, the
solubility parameters o f the reaction mixtures containing 2-propanol and 1-butanol fall
between the solubility parameters o f VBC and TCPA.
Table 4.11 presents the results and Figure 4.18 shows the SEM’s for this
experiment It is not totally understood why the methanol media produced a highly
coagulated product It is possible that the dispersion medium was too polar for the TCPA
and the microspheres precipitated out faster than the stabilizer could produce grafts to
prevent the coagulation. All o f the other alcohols produced particles with narrow size
distributions. The ethanol, 2-propanol, and 1-butanol all have sim ilar particle diameters
and r.s.d.’s. This could be due to the difference in the solubility parameters as mentioned
above. As the solubility o f the reaction mixture increases to 14.7 (cal/cm3) 172, using 1decanol, the smallest particles in this series are prepared. The high solubility parameter
allows the “critical” chain length o f the polymer to become shorter and precipitate out o f
solution sooner producing a smaller particle. It is possible that the increased viscosity o f
the 1-decanol medium prevented the coagulation o f the particles that occurred with
methanol.
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(a) 1-Decanol

(b) Etbanol

(c) 2-Propanol

(d) 1-Butanol

Figure 4.18 Scanning Electron Micrographs o f VBC-TCPA dispersion polymerizations
in various alcohol media.
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Table 4.11 Particle size and distribution o f VBC-TCPA particles in various alcohol
media.
Diameter (pm)
Solvent*

Solubility parameter
8j (cal/cm3) 1/2

Average

r.s.d.%

1-Decanol

14.3

0.39

Methanol

14.0

Coagulated product

Ethanol

12.4

0.76

8.7

2-Propanol

11.4

0.85

6.5

1-Butanol

11.3

0.75

8.1

9.4

* All reactions at 70° C for 6 hours, 7.5% VBC (w t/w t), 7.5% TCPA (w t/w t),
PVPrVBC 20% (w t/w t), AIBN: VBC 2% (w t/w t).
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4.4.11 E ffect o f VBC-TCPA monomer concentration on particle size and distribution
Three monomer concentrations were examined and the particle size, distribution
and percent recovery were monitored. A 1:1 mol ratio of VBC and TCPA monomers
was used in all polymerizations. The concentration of monomer varied from 10 to 30%
by w eight Table 4.12 presents the results and Figure 4.19 shows the SEM’s from this
experiment
Typically, an increase in the monomer concentration leads to an increase in
particle size. (See section 4.4.5) This experiment is interesting because it contains two
monomers with different solubility parameters, which means it may not behave as
expected. As the concentration of monomer increases, there was an increase in the
percent recovery as well as a decrease in the relative standard deviation o f the diameters.
In fact, the 20% and 30% monomer concentrations were essentially monodisperse. The
size o f the particles increased from 0.81 pm , 0.94 pm to 1.21 pm for the 10%, 20% and
30% concentrations, respectively. There was a 1.5 fold increase as monomer
concentration increased from 10 to 30%. The increase is not surprising, but it is not as
large as the increase observed for the VBC system. There was an increase o f 3.4 times in
diameter when the VBC monomer concentration increased from 10 to 25%. The small
increase for the VBC-TCPA system may be due to the difference in the solubility
parameters o f the two monomers.
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(a) 10% VBC-TCPA
M onom er

(b) 20% VBC-TCPA
M onom er

(c) 30% VBC-TCPA
M onom er

Figure 4.19 Scanning Electron Micrographs o f VBC-TCPA dispersion polymerizations
at various monomer concentrations.
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Table 4.12 Effect o f VBC-TCPA monomer concentration on particle size and
percent recovery.
Particle Size (pm)
Monomer concentration %
(w t/w t)*

% Recovery
Average

r.s.d.%

10

76.8

0.81

16.0

20

80.0

0.94

8.3

30

85.6

1.21

4.4

* All reactions at 70 °C for 6 hours, AIBNmonomer 2% (w t/w t.), PVP m onom er 20%
(w tw t.) in ethanol.
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4.4.12

E ffect o f alcohol m edia on the size and distribution o f VBC-Styrene particles
The VBC-Styrene copolymerizations were another system studied to improve the

response time of the chemical sensing element. The idea was to reduce the amount o f
VBC in the final polymer particles by adding styrene to the formulations. This would
reduce the number o f sites on the polymer that would be needed to be protonated, which
was expected to reduce the response time. The goal o f these studies was to increase the
particle diameter to 1 pm o r greater with a narrow size distribution.
VBC-Styrene have been successfully copolymerized by dispersion polymerization
in a variety o f alcohol m edia. The formulation involved a 1:1 mol ratio o f the monomers.
Like the VBC-TCPA copolymers, the solubility parameters for these two monomers are
different But, both the solubility parameters for these monomers are less than all o f the
solubility parameters for the dispersion medium. Table 4.13 presents the results o f this
experim ent Two interesting results are noticed. Based solely on solubility parameters,
the 1-decanol media was expected to have produced the smallest particles. Instead, the
methanol media produced the smallest at 0.26 pm . The other interesting result is that the
2-propanol formulation should have produced particles between the size range o f the
ethanol and butanol systems, based upon solubility alone. It actually produced particles
sm aller than both o f these formulations. It is not totally understood why this occurred.
Lok and Ober observed sim ilar results with styrene and hydroxypropyl cellulose in
sim ilar solvents.34
The methanol system produced particles w ith the smallest average diameter, but
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Table 4.13 Particle size and distribution o f VBC-Styrene particles in various alcohol
media.
Diameter (pm)
Solvent*
(neat)

Solubility parameter
5i (cal/cm3) 1'2

Average

r.s.d.%

1-Decanol

14.2

0.80

12.3

Methanol

13.9

0.26

25.5

Ethanol

12.3

1.15

18.5

2-Propanol

11.2

0.81

6.3

1-Butanol

11.1

1.43

6.8

* All reactions at 70° C for 6 hours, 15% VBC (volVvol.), PVPrVBC 20% (w t/w t),
AIBNrVBC 2% (w t/w t).
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the largest relative standard deviation, at 25.5%. Narrow distributions were produced
using 2-propanol and 1-butanol. They produced particle o f diam eters o f 0.81 pm and
1.43 pm with r.s.d.’s o f 6.3% and 6.8%, respectively. Once again, the solvent with the
solubility parameter closest to that o f VBC and Styrene, 1-butanol, produced the largest
particles. As predicted, this co-monomer system was affected m ore by the change in the
polarity o f the dispersion medium than the VBC-TCPA system. This is possibly due to
the fact that VBC and Styrene have solubility parameters below the solubility parameter
for the entire system.

4.4.13 E ffect o f VBC-Styrene monomer concentration on pa rticle size and distribution
Three concentrations o f VBC-Styrene monomers were tested and particle size,
distribution, and percent recovery were monitored. A 1:1 mol ratio o f monomers was
chosen and the concentration o f monomer varied in the polymerizations from 5, 15, to
25% by w eight Table 4.14 presents the results o f this experiment.
As the concentration o f the monomers increased, the diameters o f the
microspheres also increased. The particle diameters increased from 1.0 pm at 5%, to
1.2 pm at 15%, to 2.2 pm at 25% monomer. Only the 25% monomer formulation
produced uniform product with a r.s.d. o f 3.9%. The 5 and 15% concentrations produced
polydisperse products with 21.4 and 18.5% relative standard deviations, respectively.
The percent recovery increased from 44.4%, 79.6%, to 96.6% for the 5,15, and
25% monomers respectively. It is not clearly understood why the increase in the percent
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Table 4.14 Effect o f VBC-Styrene monomer concentration on particle size and percent
Particle Size (pm )
Monomer concentration %
(voL/vol.)*

% Recovery
Average

r.s.d.%

5

44.4

1.0

21.4

15

79.7

12

18.5

25

96.6

2.2

3.9

* All reactions at 70° C for 6 hours, AJBN:VBC 2% (w t/w t.), PVP:VBC 20% (w t/w t)
in ethanol.
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recovery is so large for the VBC-styrene formulations. It can only be speculated that the
increase in monomer concentration has increased the rate o f polymerization, which will
increase the percent conversion of the polymer over a given time period.

4.4.14 E ffect o f 4-Acetoxystyrene particle size and distribution in various alcohol
m edia
The 4-acetoxystyrene monomer has been used in our research group to prepare a
polymer, that selectively responds to potassium. The goal o f this work is to increase the
particle diameter so that it may be used as the sensing element for a rem ote optical sensor.
The 4-acetoxystryene monomer was polymerized using the sam e alcohols as in
previous experiments. This monomer has a solubility parameter larger than VBC and
stryene, but smaller than TCPA. Table 4.15 presents the results o f this experim ent Only
the 1-decanol solvent produced particles w ith a somewhat uniform distribution.
Methanol produced a coagulated product The ethanol system produced a highly
polydisperse product with a r.s.d. of 160%. The 1-propanol and 1-butanol solvents led to
2.3 pm particle diameters and r.s.d.’s o f 24.1 and 222% , respectively. It is not entirely
sure why these results occurred. It is believed that the grafting rate o f the 4acetoxystyrene monomer to PVP is slower than the other monomers. This would
decrease the effectiveness o f the stabilizer, (i.e if the stabilizer could not produce enough
stabilizing grafts per time, a broadening in size may occur). It is also believed that the
increased viscosity o f the decanol solvent provided some colloidal stability to the growing
particles.
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Table 4.15 Particle size and distribution o f 4-Acetoxystyrene particles in various
___________________
___
alcohol media.
Diameter (pm)
Solvent*
Solubility parameter
8i (cal/cm3) ,/2
Average
r.s.d.%
1-Decanol

14.3

0.36

Methanol

13.9

Coagulated product

Ethanol

12.4

4.0

160

1-Propanol

12.0

2.3

24.1

1-Butanol

11.3

2.3

22.2

10.5

All reactions at 70 °C for 6 hours, 15 % 4-Acetoxystyrene (volVvoI.), PVPrVBC 20 %
(w t/w t.), AD3N : Acetoxystyrene 2 % (w t/w t).

Table 4.16

Effect o f 4-Acetoxystyrene monomer concentration on particle size and
Particle Size (pm)

Monomer concentration %
(w t/w t)*

% Recovery
Average

r.s.d.%

5

2.49

0.9

27.8

10

7.57

1.1

25.3

20

58.02

5.7

80.7

* A ll reactions at 70 °C for 6 hours, AIBNrVBC 2 % (w t/w t), PVPrVBC 20 % (w t/w t)
in ethanol.
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4.4.15 The effect o f 4-Acetoxystyrene concentration on p a rticle size ; distribution , and
percen t recovery
Three monomer concentrations were investigated and particle size, distribution,
and percent recovery o f the reaction were monitored. The concentrations varied from 5%
to 10% and 20% by volume. All other variables: dispersion medium; initiator; stabilizer,
and tem perature were held constant Table 4.16 presents the results o f this experiment
The particle size increased form 0.86 pm to 5.7 pm over the range o f 5 to 20% monomer.
All preparations were highly polydisperse. The lowest r.s.d. cam e from the 10 %
monomer which produced a r.s.d. o f 25.3%. The highest r.s.d. cam e from the
15% monomer, which produced a particle size o f 4 pm and a r.s.d o f 160%. The percent
recovery increased from 2.5 to 58.0% throughout the concentration range.
It is not fully understood why the particle distribution was so large over the
monomer concentration range. It could possibly be due to the inability o f the stabilizer to
keep the particles from coagulating. The reactivity o f the m onom er could be faster or
slower than the stabilizer forming grafts with the monomer. Another possible
explanation is that there is a large change in the solubility param eter o f the solution as the
polymer is being formed. The decrease in monomer concentration will lead to solubility
changes which could result in the formation o f microparticles o f various sizes.

4.4.16 The preparation o f uniform 4-A cetoxystyrene particles
In every study conducted in this chapter, at least one form ulation has produced
particles o f a narrow distribution, except for the 4-acetoxystyrene systems. In order to
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prepare larger, uniform 4-acetoxystyrene particles, a combination o f increased monomer
concentration with a mixture o f solvents produced the only uniform particles for this
monomer. The formulation is shown in Table 4.17. Figure 4.20 shows the SEM o f the
product. This formulation produced particles with an average diam eter o f 1.38 pm and a
r.s.d. o f 4.1%. The solubility parameter for this formulation was 14.2 (cal/cm3) 12.

4.5 Conclusions
The results from this chapter show that there are many factors that control particle
size and distribution. The most important factor controlling particle size is the solubility
parameter o f the initial solution. The particle diameters increase when the solubility
parameter o f the dispersion medium approaches that o f the resulting polymer. The VBC
and VBC-styrene formulations produced the largest increase in particle diameter when
alcohols used as the dispersion media were varied. The use o f co-solvents to fine tune
particle size yielded diverse results. In general, mixed alcohol m edia produced erratic
results. There were no obvious trends with the solubility parameter and particle size, but
the distribution o f size was wide in most formulations. The addition o f water consistently
led to decreasing particle size. The use o f other non polar solvents increased particle size,
but the distribution o f diameters typically increased. An increase in monomer
concentration increased the particle diameter. An increase in temperature also increased
particle diameter, as well as the distribution o f particle sizes. The increase in initiator
concentration also increased particle size. The concentration o f stabilizer and its
molecular weight also affected particle size. A t high concentrations and high molecular
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Table 4.17 Preparation o f uniform 4-acetoxystyrene particles.
M aterial

Amount

4-acetoxystyrene

12.5

(volVvoI)

W ater

12.5

(volA ol)

Ethanol

72.0

(voljVol)

Toluene

3.0

(volVvol)

AIBN

2.0

(wL% o f monomer)

22.0

(w t% o f monomer)

PVP (MW 44,000)

Figure 4.20 Scanning Electron Micrograph o f 4-Acetoxystyrene dispersion
polymerization.
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weights, the particles* diam eter decreased.
The control o f bead size distribution is complex due to the interactions o f the
factors. To prepare uniform particles, it seems to require a short nucleation period and an
optimum rate o f grafting the monomer with the stabilizer.
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CHAPTERS

HYDROGEL MEMBRANES CONTAINING AMINATED
DISPERSION POLYMERIZED MICROSPHERES FOR
OPTICAL SENSING

5.7 Introduction
This chapter investigates the derivatization o f dispersion polymerized
microparticles immobilized in hydrogel membranes for optical sensing. This is an
extension o f work that our group has conducted for the last few years. It was observed
that derivatized polymer beads become opaque when they shrink.63 When the particles
swell, they become translucent This observation was used to prepare a fiber optic sensor
for pH that was based upon changes in reflectance.22,53 The change in reflectance is due
to the change in the water content o f the polymer. The polym er scattered light due to the
difference in the refractive indices o f the bulk polymer and the water-filled pores. For
more details, see section 1.3. It was soon realized that it would be advantageous to use
the inverse o f this system. This would involve a water-filled bulk substrate with a high
refractive index scattering center. The preparation o f derivatized poly(VBC)
microparticles suspended in poly(HEMA) membranes has been investigated.23 This
design has several advantages over the old configuration. First, there is less pH sensitive
polymer in the membrane; therefore, response times are expected to decrease. Typically,
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1-5 % wt. o f pH sensitive polymer microspheres are embedded in the hydrogel. Second,
the beads are allowed to swell in all directions. This leads to a larger change in volume
and refractive index resulting in a m ore sensitive measurement. The membranes that
were previously used as sensing elements for pH were constructed completely from
poly(VBC). This design presented a number o f problems. Because the membranes were
covalently bonded to a glass substrate they could only swell in one direction. Sometimes
the shear force generated by swelling caused the membrane to delaminate from the fiber
tip. Another advantage is that the hydrogels can be readily attached to the fiber. The
hydrogel protects the microspheres from direct contact to the sample and presents a
biocom patible surface to the sample. Since the hydrogel does not swell or shrink,
delamination is less of a problem. Some o f the hydrogels investigated on this project
have been 2-Hydroxyethyl methacrylate (HEMA), 2-Hydroxyethyl acrylate (HEA), and
Poly(vinyl alcohol) (PVA).53,23,24,64
The goal o f this work is to improve the intensity o f the signal and decrease the
response tim e o f the membranes. The microparticles are designed to shrink in basic
solutions and swell in acidic solution. The change in pH results in a change in the
amount o f water that occupies the interior o f the microparticle, as well as changes in the
size o f the microspheres. The increase in water content o f the particle changes the
refractive index o f microsphere. Both the size change and water uptake influence the
scattering efficiency o f the membrane. The dominant effect in the membranes prepared
for this thesis is the refractive index change.
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5.2 Light scattering o f microspheres im m obilized in PVA hydrogel membranes
The light scattering properties o f PVA membranes with derivatized VBC-TCPA
microparticles were studied with a UV/Vis spectrophotometer. The microparticles were
derivatized with diethylamine to provide a pH sensitive functionality. When the beads
swell, two effects can alter the turbidity o f the membrane. The first is the refractive index
change, and the second is the particle size increase. When the amine functional groups
become protonated, the polymer bead will swell due to electrostatic repulsion between the
charged sites on the polymer. When the beads are swollen, there is an increase in the
water content o f the microparticle. This lowers the refractive index o f the bead, making it
closer to that o f the hydrogel. The amount o f light scattered by the membrane is
dependent on the squared difference o f the refractive indices o f the microparticles and the
hydrogel. The Fresnel equation states for normal incidence, that the amount o f light
reflected is equal to (n2-ni)2/(n2+ni)2; therefore, a large reflectance signal may be obtained
when there is a large difference in the refractive indices between the particles and the
hydrogel. This occurs when the membrane is equilibrated in basic buffer and the
microparticles are unswollen. Conversely, when the membrane is equilibrated in acidic
buffer, the particles swell. This decreases the refractive index, becoming closer to that o f
the hydrogel. As a result, the membrane scatters less light, and the signal is reduced.
Therefore, the membrane will reflect light as a function o f pH.
The other effect on scattering depends on the particle size-to-wavelength ratio.
When the incident radiation wavelength and particle size are sim ilar, scattering is
enhanced. The scattering signal decreases rapidly when the wavelength is larger than the
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particle. Figure 5.1 shows how scattering is affected by particle size. Previous results
show that the turbidity o f a membrane decreases by a factor o f five when scanning from
wavelengths o f 400 nm to 1000 nm using particles o f approximately 0.5 pm diameter.64
The light scattering o f particles is less affected by wavelength changes when the particle
diameters are larger than the incident radiation. Because w e wish to use these membranes
in remote sensing applications, utilizing NIR wavelengths, w e should use particles larger
than the wavelength o f the incident radiation. Chapter 6 discusses the results o f using
derivatized microparticles that are larger than the wavelength.

5.3 Results and Discussion
5.3.1 Preparation and characterization o f derivatized VBC-TCPA copolymers
The following work utilizes a different polymer system than previous work
studied in our group. VBC is co-polymerized with 2,4,5-TrichlorophenylacryIate,
(TCPA) and crosslinked with 2% DVB. The polymerization o f VBC and TCPA was
investigated for two reasons, to increase the hydrophilicity and porosity o f these
polymeric materials. The TCPA and styrene preferentially react with one another,
resulting in a polymer consisting o f alternating monomer units. When the material is
derivatized with a secondary amine, the 2,4,5-trichlorophenol is displaced forming an
amide. The copolymerization ofVBC and TCPA increases the hydrophilicity o f the
polymer backbone and also introduces microporosity. The secondary amine also
displaces a chloride and produces a pH sensitive tertiary amine on the VBC group. The
TCPA was synthesized in our lab using a sim ilar procedure to Batz.56
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Figure 5.1 The effect o f the particle size-to-wavelength ratio on the scattering o f 0.6
and 1.4 micrometer size particles. The particle were prepared from VBC
by dispersion polymerization and are suspended in a PVA membrane o f
thickness 76 fim.
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It was characterized by FTIR and m elting p o in t The melting point was 65° C, consistent
with the literature value.
The particles were prepared by dispersion polymerization for 6 hours at 70° C. A
1:1 mol ratio o f the monomers was used with 2% mol crosslinking using DVB. The PVP
(MW 40,000) concentration was 20% (w t monomers) and AIBN concentration was 2%
(w t monomers). The solvent system w as 95% ethanol and 5% water and the monomers
were 5% by weight o f the system. The particles were cleaned and derivatized by the
procedures listed in sections 3.3.3 and 3.3.5, respectively. The average particle size was
0.30 |im w ith a r.s.d o f 9.5%.
The microparticles were characterized by IR spectroscopy before and after
derivatization. Figures 5.2a and 5.2b show the FTIR spectra o f the VBC-TCPA
microspheres before and after derivatization. The absorption band for the C-Cl bond at
1265 cm '1 on the VBC unit decreases after derivatization with diethylamine, Figure 5.2b.
Further evidence o f derivatization can be seen with the appearance o f a band around 1075
cm '1 which represents the C-N bond from the formation o f the tertiary amine. The peak
around 1640 cm '1 represents the C = 0 bond o f the amide group which is formed by
derivatizing TCPA monomer units w ith the secondary amine.
The derivatization appeared to proceed as expected. The percent nitrogen for 1:1
mol ratio o f derivatized VBC: TCPA w ith 2% crosslinking was 5.8%. The theoretical
nitrogen content is 8.6%. The nitrogen contents are consistent with previous results using
diethylamine as a derivatizing agent23’64 The low nitrogen content is probably due to the
inability o f the diethylamine to penetrate the interior of the microsphere.
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Figure 5.2 FTIR o f VBC-TCPA microparticles, a) before and b) after derivatization.
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5.3.2 Characterization o f diethylamine derivatized VBC-TCPA copolym ers
im m obilized in PVA membranes
This system consists o f a PVA membrane that contains diethylamine derivatized
VBC-TCPA microparticles. The signal is obtained from the scattering o f light at the
interface o f the particle-hydrogel interface. The system is shown schematically in Figure
5.3. Poly(vinyl alcohol) was utilized as the bulk portion o f the membrane for two reasons.
The first is that the refractive index is very low, 1.34, compared to that o f poly(HEMA),
1.42. The amount o f scattering is proportional to the squared difference o f the refractive
index o f the polymer and the microspheres. Since the refractive index o f the
microparticles are greater than 1.4, it would be advantageous for us to use a hydrogel with
a low refractive index. The larger the refractive index difference between the
microparticles and the hydrogel, a larger scattering signal is expected. The other reason
for using PVA over HEMA is that there is a greater concentration o f water in the
hydrogel. The poly(HEMA) membranes are approximately 35% hydrated,23 while the
PVA membranes are about 90% water. This increase in water concentration should lead
to an increased rate o f diffusion through the hydrogel and into the microparticle. This is
expected to decrease the response time. A disadvantage o f the PVA membrane is that it
is not as mechanically strong as the poIy(HEMA) membranes. The PVA membranes
need to be stored in water, whereas the poly(HEMA) membranes could be stored dry.
The refractive index o f the PVA monomer solution is 1.34, and was determined
using an Abbe refractometer. The refractive index o f a lightly crosslinked glutaraldehyde
-PVA membrane was also measured using the refractometer. Its refractive index was also
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Figure 5 3 Model o f pH sensitive aminated VBC-TCPA microspheres im m o b iliz e d in a
PVA hydrogel membrane. The microparticles swell in acid buffer and shrink
in basic solution. The refractive index decreases in acidic solution,
becoming closer to that o f the hydrogel, therefore less scattering results.

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1.34. The refractive index o f the dry VBC-TCPA polymer can be estimated by group
contributions.57 The calculated refractive index for these microparticles is 1.54. The
refractive index of the hydrated polymer was estimated by measuring the percent
hydration o f the microparticles in the swollen and unswollen states. The percent
hydration was determined by weighing a compressed portion o f the microparticles. The
particles were compressed by centrifugation. The percent hydration o f the unswollen
microparticles was approximately 37% (w t/w t). Using the weight percentages o f the
polymer and water, their refractive indices can be estimated. This corresponds to a
refractive index of 1.46 in the unswollen state. The swollen microparticles had
approximately 54% (w t/w t.) water. This corresponds to a refractive index o f 1.43 when
the particles are equilibrated in acidic buffer. The reflectance was calculated using the
Fresnel equation, equation 8 chapter 2, for the membrane when immersed in acidic and
basic buffers. The reflectance change for this system is about 1.7 for the particles
unswollen/swollen forms o f the particles.

5.3.3 Characterization o f derivatized VBC-TCPA m icroparticles im m obilized in PVA
membranes.
The membranes were characterized using a conventional UV/Vis
spectrophotometer. Although the axes on the spectra are labeled as absorbance, I will
refer to the turbidity o f the membrane. The membranes are scattering light; they are not
absorbing a particular wavelength. The absorbance and the turbidity are related by a
constant, (see equation 7 chapter 2). The turbidity spectra o f the PVA membrane
containing diethylamine derivatized microspheres are shown in Figure 5.4. The turbidity
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o f die membrane decreases when equilibrated in acidic buffer. The reflectance change o f
the membrane at 589 nm is approximately 1.5 times. This is close to value calculated for
the beads in their swollen and unswollen forms. Also, note that the turbidity change with
wavelength is not as significant as in Figure 5.1. There is less change in turbidity with
wavelength, because the particle diameter, 0.3 fim, is smaller than the incident radiation
at all wavelengths.
A turbidity ratio will be used to compare a variety o f membranes. The turbidity
ratio is the absorbance o f the membrane when the particles are unswollen, divided by the
absorbance o f the membrane when the particles are swollen, for same wavelength. The
turbidity ratio for this membrane is shown in Figure 5.5. The turbidity ratio is a way o f
evaluating how the response changes w ith wavelength.
The response tim e o f the membrane is shown in Figure 5.6. The time it takes to
reach a 90% change in the maximum signal is approximately 5 seconds for swelling and 6
seconds for shrinking. The membrane was cycled between 0 .1M pH 4 sodium acetate
buffer and 0.1M pH 10 ammonium chloride buffer. The ionic strength o f these buffers
was adjusted to 0 .1M. The response tim e has been significantly improved from the
derivatized poly(VBC) beads immobilized in HEMA. The 90% response time for the
swelling cycle was 73 minutes and 53 m inutes for the shrinking cycle.23 It is believed
that in the PVA membrane the shrinking cycle is slower because o f the shrinking
mechanism o f the particle. The rate o f diffusion o f the ions into the interior o f the
particle will decrease as the outer shell o f the particle begins to shrink. It will take longer
for ions to penetrate the outer shrunken chains o f the polymer. Conversely, when the
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Figure 5.4 Turbidity spectra for diethylamine derivatized VBC-TCPA microspheres
immobilized in a PVA membrane. The turbidance o f the membrane changes
as a function o f pH. (The glitch at 800 nm is where the instrum ent changes
detectors, its not the response o f the membrane.)
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Figure 5.5 Turbidity ratio for diethylamine derivatized VBC-TCPA microspheres
immobilized in a PVA membrane.
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Figure 5.6 Response tim e o f diethylamine derivatized VBC-TCPA microspheres
immobilized in a PVA membrane.
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outer shell o f the particle starts to swell, there is an increase in the water content which
will increase the rate o f diffusion into the particle producing faster swelling times.

5.4 Conclusions
The response time o f the membrane has been dramatically decreased by changing
the composition o f the microparticles and employing PVA as the bulk substrate. The
membrane response time has decreased because o f the increased hydrophilicity and
porosity o f the VBC-TCPA microparticles. Also, using a hydrogel with a higher percent
hydration has improved the membranes’ response time.
The magnitude o f the signal also increased, but not as high as we originally
thought it would. It is still not entirely clear why the response is so low, but som e o f the
problem is due to the particle size. When the particles are much smaller than the incident
radiation scattering will be reduced. Another effect could be from the hydrophilicity o f
the microspheres. Since they are so hydrophilic, there is a high percentage o f w ater in the
particle at both low and high pH. Since the hydration o f the particles is high at both pH
extremes, there is little change in the refractive index difference between the hydrogel and
derivatized microparticles. Therefore, the small signal is observed. Also, there could be
less swelling o f the polymer due to the composition o f the polymer backbone. W hen the
VBC-TCPA is polymerized, it forms an alternating sequence. After derivatization this
would lead to a polymer with an alternating backbone containing the functional groups of
the amide and tertiary amine. Because there would be an amide function group between
the protonated tertiary amine groups, less swelling may occur due to distances between
the charges. Ideally, we want the microparticles to have a large change in their percent
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hydration at the pH extremes. This would increase the change in the refractive index o f
the polymer in swollen and unswollen forms, which would ultimately increase the amount
o f scattered lig h t Chapter 6 investigates the use o f larger particles prepared by seeded
emulsion polymerization. These particles are more porous than the dispersion
polymerized materials and can be used with longer incident radiation.
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CHAPTER 6

HYDROGEL MEMBRANES CONTAINING AMINATED
PARTICLES PRODUCED BY SEEDED EMULSION
POLYMERIZATION FOR OPTICAL SENSING

6.1 Introduction
This chapter investigates the use o f derivatized seeded em ulsion polymerized
particles immobilized in hydrogel membranes for optical sensing. There are two reasons
why we decided to use the seeded emulsion technique over dispersion polymerization.
The first is that particles around 1-1.5 pm could be prepared at the desired crosslinking
levels. Using particles o f this diameter allows us to use these m aterials at NIR
wavelengths with minimal loss o f the scattering signal. The second reason is that the
seeded emulsion technique allows us to incorporate porosity into the microparticles by
including porogenic solvents in the fonnulation. It is expected that there will be an
increase in the magnitude o f the signal as well as a decrease in the response time. The
signal is expected to increase because there will be an increase in the hydration o f the
polymer. The increase in hydration will lead to a larger difference in the refractive
indices of the microparticles in their swollen and unswollen states. Also, using larger
particles will allow us to use less pH sensitive material per volume o f membrane. This
should lead to faster response times.
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This chapter explores a variety o f parameters that affect the turbidity o f the seeded
particles immobilized in hydrogel membranes. Turbidity as a function o f pH is studied
for diethyl and diethanolamine derivatized microparticles as well as for other poly(VBC)
derivatives. The ionic strength effect on turbidance o f the membranes is investigated at
0.1,0.7, and 1.0 M ionic strengths. The membrane’s turbidity is studied as a function
particle concentration, and the homogeneity o f the membrane is also examined. The
response time of the membrane has been investigated as a function o f membrane
thickness and buffer concentration. The turbidity o f the particles using 2-hydroxyethyl
acrylate (HEA) and 2-hydroxylethyl methacrylate (HEMA) has been investigated.
Finally, the use of these particles in a distributive FOCS is explored.

6.2 R esults and Discussion
6.2.1 Preparation o f VBC m icroparticles by seeded em ulsion polym erization
The microparticles were prepared by a two step process. The first step is to
prepare uniform microspheres by dispersion polymerization. Typically, a formulation
that produced particles around 0.6 pm was used to make the seeds. The seeds are then
dispersed in a reactor with an aqueous surfactant. An emulsified mixture o f the
monomer, crosslinker, and porogenic solvents are added slowly to the seeds. The m ixture
is stirred for 24 hours to allow the seeds to absorb the monomer and solvents. The
reactants are polymerized for 12 hours at 70° C. The particles are cleaned, derivatized,
and immobilized in a hydrogel membrane. Figure 6.1a is the SEM o f a typical batch o f
seed particles and Figure 6. lb is the SEM for the seeded emulsified particles.
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F igure 6.1 Scanning Electron Micrographs o f a) poly(VBC) seeds and b) poly(VBC)
seeded particles.
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6.2.2 Characterization o f diethanolam ine derivatizedpoty(V B C ) m icroparticles
im m obilized in PVA membranes

This system consists o f a PVA membrane that contains diethanolamine
derivatized microparticles that were prepared by seeded emulsion polymerization. This
system is sim ilar to one described in Chapter 5, but these particles were prepared with
VBC as the monomer. Once again, the signal comes from the scattering o f light at the
particle-hydrogel interface. This system is shown schematically in Figure 6.2. PVA was
chosen as the bulk hydrogel for the same reasons as in chapter 5; it has a low refractive
index and contains about 90% water.
The calculated refractive index o f diethanolamine derivatized poly(VBC) is
approximately 1.57. The refractive index o f the hydrated polymer microspheres is
estimated by weighing the particles in their swollen and unswollen states. The percent
hydration was determined by weighing a compressed portion o f the particles in their
swollen and unswollen forms. The percent hydration o f the aminated microparticles was
23% in the unswollen form. The refractive index o f the unswollen microparticles was
estimated to be 1.51. It was calculated by knowing the refractive index o f the beads,
water, and the percent hydration o f the microparticles. The swollen microparticles had
approximately 70% (w t/w t) water content This corresponds to a refractive index o f
approximately 1.40 when the particles are equilibrated in acidic buffer. The calculated
reflectance o f the unswollen particles is 8.0 tim es larger than the reflectance o f the
swollen beads.
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Figure 6.2 Model o f pH sensitive aminated poly(VBC) microspheres immobilized in a
PVA hydrogel membrane. The microparticles sw ell in acid buffer and shrink
in basic solution. The refractive index decreases in acidic solution,
becoming closer to that o f the hydrogel, therefore less scattering results.
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6.2.2.1 PVA hydrogel membrane turbidity vs pH
This system consists o f a PVA membrane that contains diethanolamine
derivatized VBC seeded emulsified microparticles. PVA was chosen as the bulk
substrate for the reasons mentioned in chapter 5. This should result in a large change in
response as well as fast response. Figure 6.3 shows the turbidity spectra o f a typical 76
pm thick membrane with aminated microparticles. The membrane contained
approximately 1% (w t/w t) aminated microparticles. The turbidity o f the membrane
continuously decreased from pH 10 to pH 4. The spectra were obtained by measuring the
absorbance o f the membrane with a conventional UV/Vis spectrophotometer at various
pH values. The membrane turbidity decreases slightly when scanning at longer
wavelength; because the particle diam eter 1.2 pm is becoming closer to the incident
wavelength. The membrane was cycled between the pH 10 to 9 to 8 and then by 0.2 units
to pH 6 and then to pH 5 to pH 4. Figure 6.4 shows the turbidity vs pH o f the membrane
cycling form high to low and from low to high pH at 600 nm. The reproducible signal
suggests the lack o f hysteresis in response.
This experiment shows that the membrane response to pH has been greatly
improved from earlier studies using aminated poly(VBC) membranes. The increased
signal can be attributed to the pH sensitive microparticles ability to swell freely in all
directions, as opposed to having one surface immobilized to a substrate. These particles
have the ability to swell to a greater extent due to their high water content at low pH
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Figure 6 3 Turbidance vs pH for diethanolamine derivadzed po!y(VBC) microparticles
immobilized in a 76 pm PVA membrane.
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values. A swelling ratio, however, has not been determined for these microparticles. The
large change in the percent hydration o f the microparticles with pH is due to the increased
porosity o f the microparticles. The porosity has improved due to the production o f the
particles via seeded emulsion polymerization.
The observed change in the turbidity at 589 nm was approximately 7.9, for this
membrane. This change in reflectance is close to the calculated reflectance change o f
8.0 based on the hydration data o f the microparticles in pellet form.

S.2.2.2 PVA membrane turbidity vs particle concentration
The turbidity o f the membrane increases linearly with particle concentration.
Figure 6.5 shows the effect o f particle concentration on membrane turbidity. The
membrane contained diethanolamine derivatized microparticles produced by seeded
emulsion polymerization. The turbidance values for this graph were taken at 600 nm.
This graph shows that it is possible to prepare membranes at various turbidities if needed.

6 .2 .2 3 M embrane turbidity vs ionic strength
The ionic strength o f the buffer will have an effect on the turbidance o f the
membrane. Flory’s polymer swelling equation shows that swelling is affected by ionic
strength. Figure 6.6 shows the effect o f ionic strength on the turbidance o f a PVA
membrane containing diethanolamine derivatized microparticles. Three ionic strengths
were investigated, 0.1,0.7 and 1.0 M. The ionic strength o f the buffer was adjusted by
the addition o f sodium chloride. The ionic strength w ill affect the turbidity o f the
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Figure 6.5 Membrane turbidity vs particle concentration. Particles were suspended in a
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membrane, so it should be either controlled or determined when making a pH
measurement. One goal o f the distributive sensor is to have two fiber tips making
measurements. One could be making the pH determination and the other could be
making an ionic strength m easurement To make the microparticles ionic strength
sensitive and not pH sensitive, a tertiary amine would be needed to derivatize the beads.

6.2.Z 4 The effect o f am ine structure on the turbidity o f a membrane
The seeded particles were derivatized with various secondary amines to
investigate their effect on signal magnitude. The particles were derivatized w ith
dimethylamine, diethylamine, diethanolamine, dipropylamine, and dibutylamine. It was
expected that the diethanolamine derivatized particle would give the greatest change in
signal, due to the increased hydrophilicity o f the derivatizing agent The increased
hydrophilicity should lead to faster response times due to the increased rate o f diffusion
into the microparticle. The percent nitrogen results can be found in Table 6.1. The
results show that experimental nitrogen contents for all amine derivatives are about 4.7%.
These results suggest that there is a limit to the amount o f nitrogen that will reside on the
polymer after derivatization.
The particles w ere immobilized in a 76 pm thick PVA membrane and
characterized by UV/Vis spectrophotometry. The concentration o f particles for each
membrane was approximately 1% (wt/w.). The membranes were scanned from 400 to
1000 nm and the absorbance was monitored. Figures 6.7a through 6.7d contain the
spectra for dimethylamine, diethylamine, dipropylamine, and dibutylamine derivatized
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Table 6.1 Nitrogen contents for derivatized microparticles.
Amine

Theoretical
%N

Experimental
%N

Percent derivatization

1. Dimethylamine

8.7%

4.8%

55%

2. Diethylamine

7.4%

4.4%

59%

3. Diethanolamine

6.3%

4.8%

75%

4. Dipropylamine

6.5%

4.8%

75%

5. Dibutylamine

5.7%

4.6%

81%
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Figure 6.7a Turbidity spectra o f dimethylamine derivatized poly(VBC) microspheres
immobilized in a 76 pm PVA membrane. The bead concentration was
approximately 1% by wt. and the buffers were 0.1 M at with an ionic
strength of 0.1 M.
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Figure 6.7b Turbidity spectra o f diethylamine derivatized poly(VBC) microspheres
immobilized in a 76 pm PVA membrane. The bead concentration was
approximately 1% by w t and the buffers were 0.1 M at with an ionic
strength o f 0.1 M.
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Figure 6.7c Turbidity spectra of dipropyiamine derivatized poly(VBC) microspheres
immobilized in a 76 pm PVA membrane. The bead concentration was
approximately 1% by w t and the buffers were 0.1 M at with an ionic
strength o f 0.1 M.
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Figure 6.7d Turbidity spectra o f dibutylamine derivatized poly(VBC) microspheres
immobilized in a 76 pm PVA membrane. The bead concentration was
approximately 1% by w t and the buffers were 0.1 M w ith an ionic
strength o f 0.1 M.
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microparticles immobilized in a 76 |im thick PVA membrane. Figure 6.3 shows the
turbidity spectra o f the diethanolamine derivatized particles. The diethanolamine
derivatized microparticles produced the largest change in turbidance at 1.7 AU at 600 nm.
The smallest change in turbidance, 0.019 AU, came from the dibutylamine derivatized
microparticles. The dimethyl, diethyl, and dipropylamine derivatized particles produced
changes o f 0.044,0.62 and 0.20 AU, respectively. The results o f these data are not
surprising. Diethanolamine has been used in most membrane formulations because o f its
large turbidance change. This is due to the increased hydrophilicity o f the functional
group compared to the other amines. The increase in the hydrophilicity allows the
hydrogen ions to penetrate the microparticle to a greater extent This leads to larger
signal changes due to the increased water content Also, when the aliphatic chain length
increases, there is a decrease in the turbidance change. As the chain length gets longer
the polymer become more aliphatic or hydrophobic. This w ill impede hydrogen ions
ability to protonate the tertiary amine groups of the polymer. Therefore, a decrease in
signal is observed. It is not totally understood why the dimethylamine derivatized particle
provided such a low signal.

6.2.2.S M embrane turbidity vs pH using diethylam ine derivatized m icroparticles.
The diethylamine derivatized microparticles were immobilized in a PVA
membrane and the turbidance was measured as a function o f pH. Figure 6.8 is a plot o f
the data taken from pH 4 to pH 10 and pH 10 to pH 4. This plot looks different from the
diethanolamine p lo t The response depends on whether pH is increasing or decreasing.
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This means that the membrane is not reversible.

6.2.2.6 The effect particle crosslinking on membrane turbidity
Three batches o f particles were produced at various levels o f crosslinking. The
concentration o f crosslinker was varied from 2 to 5 to 10% mol. Formulations with less
than 2% mol crosslinking yielded products that could not withstand the derivatization
procedures, and dissolved. The minimum amount o f crosslinking was established at 2%.
The particles were derivatized with diethanolamine and immobilized in PVA. The
membrane was divided into three sections and the absorbance was measured at 600 nm.
Figure 6.9 shows that as the crosslinking level is increased the absorbance difference
decreases. This means that the particles are not swelling and shrinking as much as the 2%
crosslinked particles. The plot also shows die homogeneity o f the membrane. The
average relative standard deviation for this membrane was 8.9%.

6.2.2.7 Response tim e membrane vs membrane thickness and buffer concentration
The response time o f diethanolamine derivatized seeded particles suspended in
PVA membranes o f various thickness was investigated at various buffer concentrations.
Four membranes were made and their thicknesses ranged from 76,152,228, to 304 pm.
Each o f the membranes were prepared from the same stock solution o f monomers. The
bead concentration was 1% by weight. The particle diam eter was 1.2 pm . The response
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Figure 6.8 The effect o f pH on turbidance o f diethylamine derivatized microparticles
suspended in PVA.
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Figure 6.9 The effect o f crosslinking on particle swelling. The data markers represent the
absorbance difference o f the membrane when equilibrated in pH 4 and pH 10
buffers. (There are two points at 0.94 AU for this study)
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time o f the membrane was monitored as a function o f membrane thickness and buffer
concentration. The buffer concentration ranged from 0.01 M to 0.1 M. The ionic strength
was maintained at 0.1 M by the addition o f sodium chloride. The response tim e is
defined as the time it takes for the signal to reach 90% o f the final value.
The goal o f this experiment was to measure how the response time changes with
various conditions. The thickness o f the membrane is important because we would like
to use a thickness that would be mechanically strong enough to withstand harsh
conditions but thin enough to provide fast response times.
Figures 6.10a through 6.10g are the response tim e curves for the 0.01 M and
0.1 M buffers for the four thicknesses o f membranes. There is no curve for the 76 pm
membrane at the 0.1 M buffer because the response tim e was too fast to measure
experimentally. In fact, the only data point obtained for the 76 pm membrane came at the
lowest buffer capacity o f 0.01 M.
In general, the response tim e o f the membrane increases with increasing buffer
concentration. Also, as the membrane thickness is decreased the response tim e is
decreased. In almost all cases the shrinking cycle is slower than swelling. This is in
opposition to other particles prepared by dispersion polymerization. One possible
explanation for the faster swelling cycle may be attributed to the diffusion pathway o f the
hydrogen ions into the microparticle. It is believed that the swelling is faster because as
the unswollen form o f the particle becomes protonated, it becomes charged; which will
increase the amount o f water on the exterior o f the bead. The interior is still neutral, i.e.
unswollen. As the outside becomes charged it will sw ell which will drive m ore water in
to alleviate the stress. As the polymer begins to sw ell, m ore hydrogen ions enter the
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interior o f the particle, which will continue to protonate the interior o f the particle. This
will continue until the final swollen volume is reached. The shrinking cycle would be
slower because at an intermediate point in shrinking process, the exterior o f the particle
will be neutral and the interior will be charged. This will mean that ions would need to
penetrate through the neutral outer shell o f the particle, to reach the charged inner core o f
the bead. The process o f the hydroxide ion penetrating through the neutral barrier to
deprotonate the charged inner core m ay lead to slightly longer response times.
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Figure 6.10a Response time o f the 76 Jim PVA membrane with 1% w t suspended
diethanolamine derivatized microparticles. The membrane was immersed
in pH 4.0 and pH 10.0 for the swelling and shrinking cycles, respectively.
The buffer concentration was 0.01 M and is. was 0.1 M.
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Figure 6 .11 contains a summary o f the response times for this experiment
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Figure 6.11 Membrane response time as a function o f buffer concentration and
membrane thickness.

It is obvious from this chart that the response times o f the membrane is affected by
membrane thickness and buffer concentration. The membranes with the fastest response
were the thinnest membranes, 76 Jim, and the slowest were the thickest membranes, 304
pm. The thickness increase leads to longer response tim es due to a longer diffusion
distance. Appendix D contains the response times for the membranes at all buffer
concentrations. As the concentration o f the buffer decreased, the response time also
decreased. The buffer concentration effects are more dominant at thicker membrane
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levels. More specifically, the 0.01 M buffers provide the slowest response times with the
thickest membranes. The response times o f these membranes are slow for two reasons.
First, the diffusion distance is longer because o f the increased thickness o f the membrane.
Second, these membranes contain more particles per sample, due to the increased
membrane thickness. This effectively means that there is more pH sensitive material in
the thicker membranes compared to the thinner membranes. This will also increase the
response tim e as the amount o f pH sensitive material increases. The results from this
experiment demonstrate that thin membranes provide us with fester response times.

6 2 3 Characterization of diethanolamine derivatized particles immobilized in

(HEA) and (HEMA) membranes
The goal o f this work was to investigate the possibility o f using other hydrogels as
the suspending medium for the derivatized seeded particles. These hydrogels were
examined for their potential o f producing larger signals compared to PVA. The refractive
indices o f HEMA and HEA were investigated by measuring the percent hydration o f the
membranes. The refractive index o f the hydrogels were calculated using group
contribution methods,57 and the percent hydration data was used to estimate the refractive
index o f the membranes in water.

6.23.1 Turbidity spectra of diethanolamine derivatized microparticles immobilized

in hydroxyethylacyrlate (HEA)
The refractive index o f dry hydroxyethylacrylate (HEA) was calculated to be 1.52
using group contributions. The estimated refractive index o f the hydrated HEA was
calculated by measuring the percent hydration o f a membrane. T he refractive index o f the
hydrated hydrogel was calculated by taking the sum o f the weight fractions o f HEA and
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water. A portion o f the membrane was weighed after polymerization and weighed again
after equilibrating in water for 20 minutes. The percent hydration was determined by
subtracting the dry weight from the wet weight and dividing by the wet w eight The HEA
membranes contained approximately 71.7% water at 0 percent added crosslinker. This
corresponds to a refractive index o f approximately 1.38. Using the Fresnel equation and
the refractive indices o f the diethanolamine derivatized microparticles, the calculated
reflectance is 33.5. The observed reflectance is 1.1 for the HEA membrane at 589nm for
a membrane containing 1% w t of pH sensitive microparticles. Figure 6.12 shows the
turbidity spectra for this membrane. It% not completely understood why these values
differ to such a large degree. The decrease in scattering could be partly due to the
swelling behavior o f the membrane. It was observed that the HEA membrane swelled
approximately 1.6 times when equilibrated in water. This corresponds to a 2.6 fold
increase in area and a 4 fold volume increase. This swelling o f the membrane effectively
decreases the amount o f particles that scatter the incident radiation. The membranes* area
is increased which increases the particle-particle distance. As a result, there are less
particles per area. This is essentially the same as using lower concentration o f particles.
A decrease in signal is therefore expected. The dependence o f particle concentration on
scattering intensity was shown in Figure 6.5 and discussed in section 6.2.2.2.
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Figure 6.12 Turbidity spectra o f diethanolamine derivatized seeded particles
immobilized in poly(HEA). The buffer concentration was 0.1 M and
the ionic strength was 0.1 M.
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6 3 3 .2 Turbidity spectra of diethanolamine derivatized microparticles immobilized

in 2-hydroxyethyl methacrylate (HEMA)
Using group contributions, the refractive index o f HEMA was calculated to be
1.50. The estimated hydrated refractive index o f HEMA was calculated by using the
percent hydration data for this membrane. The same procedure was used to determine the
hydration percentage o f the membrane as described in section 6.2.3.1. The HEMA
membrane was prepared using 1.3% crosslinker (EGDM), ethylene glycol dimethacrylate.
The HEMA membrane contained 24.5% water, which corresponds to a refractive index o f
approximately 1.46. This is an interesting situation in which the refractive index of the
hydrogel is between that o f the refractive indices o f the swollen and unswollen
derivatized microparticles. Typically, the refractive index o f the hydrogel is lower than
the refractive index o f the microparticles. Using the refractive indices o f the materials,
the calculated reflectance was 2.4. This result is unusual because the turbidity ratio was
calculated by taking the turbidance ratio o f the particleswoaen/particleunswoUen- Typically,
the particles in their unswollen state reflect more light than the swollen particles. Using
PVA or HEMA as the bulk hydrogel, the unswollen particles produce the highest
reflectance.
A membrane containing 1% wt. o f diethanolamine derivatized microparticles was
suspended into HEMA and the turbidance was measured. Figure 6.13 shows the turbidity
spectra for this membrane. The observed turbidity ratio, at 589 nm, for the membrane is
1.4. The graph shows a relatively small signal change for these particles. Also, the
scattering is larger in pH 4 than pH 10. This can be explained by looking at the refractive
indices o f the hydrogel and microparticles in their swollen and unswollen states. The
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reflectance intensity is due to the squared difference between the refractive indices o f the
particles and the hydrogel. The difference between the refractive indices o f the HEMA
and the unswollen particles is 0.04. The difference between the refractive indices o f
HEMA and swollen particle is 0.06. Therefore, there should be a larger scattering
intensity when the microparticles are in their swollen states.
It was observed that the HEMA membranes swelled 1.1 times their length when
equilibrated in water for 20 minutes. This corresponds to a 1.2 times increase in their
area and 1.3 times increase in their volume. The calculated reflectance for the HEMA
membrane was 2.4; taking into account the 1.2 area increase, the calculated reflectance
becomes 2.0. This is closer to the observed reflectance o f 1.4 at 589 nm.

6.2.4 The use of a PVA membrane containing diethanolamine derivatized
microparticles for fiber optic pH sensing based on reflectance
A pH sensor based on reflectance was prepared by attaching a PVA membrane
containing derivatized microparticles to the distal end o f a fiber. The instrument that was
employed was constructed by Civiello and was described in section 1.3. The attachment
o f the PVA membrane was similar to the procedure developed by Civiello.24 However, in
this experiment, a thicker washer was used which increases the membrane thickness.
Figure 6.14 shows the performance o f the sensor utilizing the pH sensitive seeded
polymerized particle immobilized in PVA. The graph is a history o f the response o f the
sensor in volts versus time. The sensor was tested by cycling the sensor tip into pH 4 and
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F igure 6.13 Turbidity spectra o f diethanolamine derivatized seeded particles
immobilized in poly(HEMA). The buffer concentration was 0.1 M
and the ionic strength was 0.1 M.
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pH 10 buffers. The concentration o f the buffers was 0.1 M and the ionic strength was 0.1
M adjusted with sodium chloride.
The signal response change between pH 4 and pH 10 is approximately 20 mV.
The 90% response time is approximately 8 minutes as seen in Figure 6.14. The thickness
o f the membrane is approximately 400 pm . At 2,25, and 45 minutes, there are small
signal spikes on the response chart which represent the fiber tip leaving the buffer and
entering the air. The refractive index change from the buffer, about 1.33, to air 1.00,
accounts for the signal change. The time it takes to remove the fiber tip from one buffer
to another is about 5 seconds. This signal spike is a convenient way to measure the
response time of the membrane attached to the fiber. The response tim e is reasonable
considering the response time o f a 304 pm membrane is about 1.2 minutes. The
membrane used in this experiment is at least 100 pm thicker. The response time o f the
membrane attached to the fiber is expected to respond slower because it is attached to the
fiber. In the other systems, the membranes were free to allow diffusion into the
membrane from all sides. For the membrane attached to the fiber, diffusion is limited to
only the front and sides, therefore longer response time are expected.

( 3 Conclusions
A lot of information is reported in this chapter. The ability to control particle
size and porosity was demonstrated using seeded emulsion polymerization. Upon
amination, the microparticles were immobilized in PVA, HEA, and HEMA and were
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Figure 6.14 The response of the fiber optic pH sensor based on reflectance. The tip of
fiber was cycled between pH 4 and pH 10 buffers.
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characterized using UV/Vis spectrophotometry. Diethanolamine derivatized
microparticles suspended in PVA produced the largest response and dibutyl amine
microparticles provided the smallest. The change in turbidance increased continuously
over the pH range o f 6-8 for diethanolamine derivatized microparticles immobilized in
PVA. The large response o f diethanolamine derivatized microparticles was attributed to
the increased hydrophilicity compared to the other derivatives. The hydrophilicity o f the
functional group allows more water to diffuse in and out o f the bead, thereby producing a
large change in its refractive index. An important factor for achieving a large response is
to prepare uniform particles that have a large difference in refractive indices in their
swollen and unswollen states. Also, the use o f a hydrogel that contains a large amount o f
water and has a very low refractive index is important to produce large signal changes as
well as fast response times.
The response times o f the seeded microparticles were foster than those prepared
by dispersion polymerization. The seeded particles are twice as big as the dispersion
polymerized microparticles, but respond much faster than the dispersion polymerized
particles. The diffusion distances are shorter in dispersion polymerized microspheres but
diffussion coefficients are larger. The faster response times were attributed to increased
porosity o f the microparticles, due to the seeded emulsion polymerization technique.
This allows the incorporation o f porogenic solvents into the microparticle during the
polymerization. The diameter o f the seeded particles is twice as large as the diameter o f
particles prepared by dispersion polymerization. This corresponds to an 8 fold increase in
the volume o f the beads when comparing the same weight percentages. This suggests the
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volume o f space occupied by the seeded particles is 8 times greater than that o f the
dispersion polymerized particles. Therefore, less material o f the seeded particles are used
in the membrane preparation, which ultimately leads to faster response times. Increasing
the membrane thickness or decreasing the buffer concentration increases the response
time o f the membranes.
The turbidance o f the membrane was affected by a variety o f factors. The
concentration o f microparticles increases the turbidance linearly. Increasing the ionic
strength o f the buffer solutions will decrease the amount o f swelling, therefore,
decreasing the magnitude o f the signal. Also, increasing the crosslinking percentage o f
the microparticles will decrease the swelling o f the microparticles, producing a small
signal change.
There are a variety o f factors that must be considered when preparing these
membranes as chemically sensitive layers for optical sensing. First, the particles used as
scattering centers should be slightly larger than the source radiation. Second, they should
be uniform in size, (i.e. r.s.d. less than 10%) to ensure a large signal change. Third, they
should be derivatized with a functional group that produces a large change in the percent
hydration o f the microparticle. Fourth, the particle should be porous to allow fast
diffusion o f ions into the center o f the beads. Fifth, the membranes should have a large
difference in their refractive index compared to the microparticles. Sixth, the hydrogel
should contain a large amount o f water to ensure fast diffusion into the microparticle.
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CHAPTER 7

CONCLUSIONS

An improved sensing layer consisting o f porous aminated microparticles
immobilized in PVA has been investigated for reflectance based optical sensing.
Scattering occurs at the microparticle-hydrogel interface and is based on refractive index
changes accompanying polymer swelling. The amount o f light scattered by the
membrane is dependent on the squared difference o f the refractive indices o f the
microparticles and the hydrogel. The reflectance o f the membrane decreases as the
m icroparticles swell because the refractive index o f the particles become closer to the
refractive index o f the hydrogel. The reflectance varies with the amount o f polymer
swelling which is dependent on the pH o f the solution in which the polymer is immersed.
Thus, the membrane reflects light as a function o f pH.
The scattering intensity o f these membranes decreases as the incident radiation
wavelength becomes close to that o f the microparticle diameter. Since our remote
distributed sensor utilizes NIR wavelengths, it is important to produce particles with
diameters greater than 1 fim. Systematic studies, as well as a foil 24 factorial, were
employed to study how particle size may be controlled using dispersion polymerization.
The principal factor affecting particle size was the solubility parameter o f the
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initial solution. The particle diameter increased as the initial solubility parameter o f the
medium approached that o f the resulting polymer. The ANOVA results also suggested
that an increase in the monomer, initiator, and stabilizer concentrations will increase
particle size. All o f these results were confirmed by systematic studies except for the
stabilizer concentration. The systematic studies o f the stabilizer suggested that an
increase in the molecular weight and increase in stabilizer concentration produced sm aller
particles. These results are different from those in the factorial experiment and can be
attributed to the co-solvents employed in those experiments. The factorial implies that
the dispersion medium affects the ability o f the stabilizer to produce stable particles. If
the dispersion medium is a good solvent for the stabilizer, it will not be able to effectively
stabilize the particles, therefore larger and polydisperse particles m ay be formed. The
temperature study showed that an increase in temperature leads to particles of increased
diameter as well as an increase in the relative standard deviation.
The control o f bead size distribution is a difficult task due to the interactions o f
the factors. The results suggest that in order to prepare uniform particles, a short
nucleation period and a optimum rate o f grafting the monomer is required.
The incorporation o f TCPA with VBC for dispersion polymerized particles
proved to be important to decrease the response time o f the swelling and shrinking cycles.
The use o f PVA as a hydrogel also decreased the response tim e due to its high water
content The data suggest that the magnitude o f the signal was low due to the relatively
low change in the water contents o f the particles between the high and low pH values.
Using the seeded emulsion technique proved to be successful for producing
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particles with increased diameters, as well as increased porosity. This allows us to use
these materials at longer wavelengths without attenuation of signal. The increased
porosity also decreased the response tim e o f the membrane, down to a few seconds.
An increase in turbidity o f the membrane was observed by increasing the
membrane thickness, as well as the concentration o f particles. Diethanolamine
derivatized particles produced the largest signal change, which was attributed to its
hydrophilicity. The increase in crosslinking o f the microparticles decreased their ability
to swell, therefore, decreasing the amount o f signal change. An increase in the ionic
strength o f the buffered solutions also decreased the signal change. Increasing the buffer
concentration led to an decrease in response time.
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APPENDIX A

SOLUBILITY PARAMETER CALCULATIONS

The solubility param eter may be estimated using group contributions from the following
equations:57

5- = ^ r 1

J Y fJ

I Y Eu

5d is the dispersion component

is the polar component

is the hydrogen bonding component

V is the molar volume.
The overall solubility parameter is calculated by:
S = ^ / + ^ ! +<5,!
Sample Calculation:
Estimate the solubility parameter o f vinylbenzyl chloride. The structure o f VBC:
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#

Group

Fdi
Epi
(JI/2cm3/2/mol) (J12c m / mol)

Ehi

(J/mol)

V
(cm3/mol)

1.

(1)

=c h 2

400

0

0

11.94

2.

(1)

=CH-

200

0

0

8.47

3.

(1)

-CH2-

270

0

0

16.37

1270

110

0

65.5

450

550

400

18.4

2590

660

400

120.7

Q
4.

(1)

5.

(1)

Totals

-Cl

Conversion o f (Jl/2/cm3/2) into (cal/cm3) l/2
8 = 22.2 (JI/2/cm3/2)/ 2.046 = 10.9 (cal/cm3) I/2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

APPENDIX B

CALCULATION OF THE SOLUBILITY PARAMETER OF VBC IN ETHANOL

Equation to calculate the solubility parameter o f a mixture o f solvents:

Solubility parameter for VBC = 10.9 (cal/cm3) 172 15% volume o f solution
Solubility parameter for ethanol = 12.7 (cal/cm3) 172 85% volume o f solution

VBC contribution + ethanol contribution = Total

8 = V(015)(10-9)2 +(0.85X12.7)2 = 12.4 (cal/cm 3) 172

Solubility parameter for the dispersion medium containing VBC and ethanol is
12.4 (cal/cm3)172.
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APPENDIX C

REFRACTIVE INDEX CALCULATIONS

The refractive index can be calculated by using group contributions.57The refractive
index was calculated using the following equation. W here, R ll is m olar refraction and V
is molar volume at 298K, cm3/m ol. The values for the groups were found in Table DC o f
reference 68.

Sample calculation:
Estimate the refractive index o f poly(HEMA). The structure o f poly(HEMA):

V (298K)

#

G roup

R ll(A .

1.

(3)

-c h 2-

4.65

16.37

2.

(1)

-c h 3-

5.64

23

589 nm)

200
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4.

(1)

-COO-

6.71

21

5.

(1)

-OH

2.45

8.0

31.33

106.43

Total

Ru. is 31.33 and V is 106.43, so the calculated refractive index is 1.50.

Sample calculation:
Estimate the refractive index o f poly(HEA). The structure o f poly(HEA):

<r°

1.

2.

G roup

R ll(X 589 nm )

V (298K)

(3)

-CH2-

4.65

16.37

(1)

I
-H jB
1

3.62

10.8
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3

(1)

-COO-

6.71

21

4

(1)

-OH

2.45

8.0

26.73

88.91

Totals

Rll is 26.73 and V is 88.91 so the calculated refractive index is 1.51.

Sample calculation:
Estimate the refractive index o f diethanolamine derivatized VBC-co-TCPA polymer. The
structure o f VBC-co-TCPA derivatized with diethanolamine:

O

c h 3c h

2/

' vc h 2c h 3

<fH2

CH3CH rN^CH2CH3

#

G roup

R ll(A. 589 nm)

V (298K)

1.

(3)

-CH2-

4.65

16.37

2-

( 2)

3.62

10.8
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3.

0)

-CO-

4.53

11.7

4.

( 1)

-OH

2.45

8.0

5.

(4)

-CH 2CH 3

10.29

38.5

(2)

2.8

4.33

(1)

25.03

65.5

99.96

318.97

I
6.

Totals

R ll is 99.96 and V is 318.97, so the calculated refractive index is 1.54.

Sample calculation:
Estimate the refractive index o f diethanolamine derivatized poly(VBC) polymer. The
structure o f diethanolamine derivatized poly(VBC):

HOCH2CH2^ n ^C H 2CH2OH
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#

G roup

R llC^ 589 nm)

V (298K)

1-

(6)

-CH2-

4.65

16.37

2.

( 1)

3.62

10.8

(2)

-OH

4.9

16.0

4.

(1)

/ N\

2.8

4.33

5.

(1)

25.03

65.5

64.25

194.85

Totals

R ll is 64.25 and V is 194.85, so the calculated refractive index is 1.57.
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APPENDIX D

RESPONSE TIMES FOR MEMBRANES USED IN SECTION 62.3.1

Buffer Concentration
(Ionic strength 0.1 M)

Shrinking Cvcle pH 10
(Membrane Thickness)

Swelline Cvcle dH 4
(Membrane Thickness)

76

152

228

304

76

152

228

304

0.01

1.10

9.20

12.1

22.1

2.65

4.50

7.10 14.20

0.03

0.40

0.40

1.60

2.60

xxx

0.75

1.30

3.40

0.05

0.30

0.40

0.95

2.60

xxx

0.25

0.65

1.72

0.07

0.20

0.40

0.90

1.70

xxx

0.25

0.38

1.15

0.10

0.20

0.40

0.80

1.20

xxx

0.22

0.29

0.79

Membrane thickness in Jim.
Response times in minutes.
xxx Represents response times that were unable to be measured; because the membranes
response was faster than data acquisition o f the instrum ent The estimated response
time approximately 1-3 seconds.
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